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(ABSTRACT) 

An A-B monomer containing an ether group, 4(4-acetoxyphenoxy) benzoic acid 

(PAPBA) was successfully synthesized via a new route using 4-methoxyphenol and 

4-chlorobenzonitrile as starting materials. Another ether containing monomer, 

4(2-acetoxy-6-naphthoxy) benzoic acid (PANBA), which appears to be a novel monomer, was 

also prepared in high yields from 6-methoxy-2-bromonaphthalene and 

ethyl-4-hydroxybenzoate via the Ullmann condensation reaction. These monomers were 

found to be useful for synthesizing LCP copolymers and segmented copolymers. 

A variety of polyarylates based on 5-tertiary butylisophthalic acid were synthesized 

via melt acidolysis techniques. The resulting high molecular weight polyarylates were amor- 

phous polymers and the t-butyl groups along the polymer backbones were found to be 

thermoxidatively stable. 

Thermotropic liquid crystalline polyesters (LCPs) are well known for their 

thermoxidative stability, ductility, solvent resistance and the potential of generating extremely 

strong, stiff molecular chains. In this dissertation research, several novel liquid crystalline 

aromatic po'yether-ester copolymers were synthesized by the incorporation of an A-B 

monomer, either PAPBA or PANBA, into the polymer main chain. The corresponding 

copolymers were thermoxidatively stable and melt processable over a wide compositional 

range. 

Novel carboxyl terminated oligomers of an amorphous engineering polymer, 

poly(arylene ether ketone)(PEK) were successfully synthesized. The synthetic method was 

somewhat similar to that of carboxyl terminated poly(arylene ether sulfone) oligomers. The



PEKCOOH oligomers were quantitatively endcapped and their molecular weights could be 

controlled. Thermogravimetric analysis revealed that the PEKCOOH oligomers were 

thermoxidatively stable and therefore suitable for high temperature post-reactions. 

In general, thermotropic liquid crystalline polymers show excellent properties in the 

longitudinal direction. Nevertheless, to improve the transverse mechanical properties of liq- 

uid crystalline polymers, novel poly{arylene ether ketone)-LCP segmented copolymers were 

synthesized via melt acidolysis techniques. Chemically bonding an isotropic engineering 

thermoplastic into a potentially liquid crystalline anisotropic polyester affords segmented 

copolymers which may possess a balance of mechanical properties in both the longitudinal 

and transverse directions. In the case of PEK-poly(oxybenzoate)(PEK-POB), a limited amount 

of POB (~25 wt %) could be incorporated so as to produce segmented copolymers which 

would yield coherent films. On the other hand, when PEK-POB was modified by adding 

PAPBA to form PEK-POB-POPB segmented copolymers, a series of the segmented 

copolymers with various compositions was realized. The liquid crystalline behavior was 

found to be retained in the segmented copolymers, depending on the degree of the LCP con- 

tent. 

The structural analysis of the A-B monomers mentioned earlier was performed by el- 

emental analysis, mass spectroscopy, proton NMR and FT-IR. All the polymers synthesized 

were characterized by thermal analysis (DSC and TGA). The molecular weight of the carboxyl 

terminated PEK oligomers was determined by an automatic titration method, and indirectly, 

by intrinsic viscosity measurements. The latter method was also used to assess the molec- 

ular weight of the amorphous polyarylates. 

For liquid crystalline polyether-ester copolymers and PEK-LCP segmented 

copolymers, DSC and hot stage optical microscopy were utilized to investigate their 

thermotropic liquid crystalline behavior. DMTA was used to determine the high temperature 

properties of the polymers and tensile tests, i.e. stress-strain data, were employed to obtain 

information on their mechanical properties.
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Chapter 1 

INTRODUCTION 

High performance materials presently classified as “engineering thermoplastics” are 

characterized as tough, ductile materials, with good thermal properties. These materials 

such as polyesters, polycarbonates, polyamides, polyphenylenesulfide, polyethersulfone, 

polyetheretherketone, polyarylates including liquid crystalline polyesters and polyimides 

make large contributions towards the progress in every area of new technology. Many 

computer, electronic, communication, transportation and related products could not be 

produced commercially without these engineering thermoplastics [ 1]. Interestingly, with re- 

spect to the synthetic aspects of these systems, most of the polymers mentioned above are 

prepared via step-growth polymerization. In general, polymerizations can be classified as 

either step-growth or chain-growth processes. The step-growth polymerizations have char- 

acteristics as follows [ 2 ]; 

1. the growth of polymer molecules proceeds by a stepwise intermolecular reaction, 

2. monomer units can react with each other or with oligomers of any size, 
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3. similar reactivity of functional groups are assigned to all polymer species, 

4. a high conversion is required so that high molecular weight polymers can be attained, 

5. many step-growth polymerizations involve equilibrium reactions, and 

6. not all step-growth syntheses are condensation reactions, i.e. a reaction involving elimi- 

nation of small molecules. In the synthesis of polyurethane from a diol and a diisocyanate 

for example, these is no elimination product formed during the reaction. 

The following requirements must be satisfied to ensure that a successful step-growth 

polymerization reaction can be realized [ 2 ]. 

41. The reaction rate must be reasonably fast. 

2. The polymerization must be free of any side-reactions. 

3. Highly pure monomers, with reactive functionality of 2.00, are required. 

4. It must be possible to drive the process to almost complete reaction of the functional 

groups. 

5. The stoichiometry of the reacting monomers must be carefully controlled. 

6. A target number average molecular weight and molecular weight distribution must be 

easily controlled. 

These basic features and requirements have provided fundamental guide-lines for any 

development in the area of step-growth polymerizations. 

Polyarylates are aromatic polyesters generally prepared via  step-growth 

polymerization of aromatic dicarboxylic acids and diphenols. These polymers have been in- 
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tensively studied due to their good mechanical properties, processability, UV stability, and 

high softening temperatures. Thermotropic liquid crystalline polyesters (LCPs) are also 

considered as engineering thermoplastics. The LCPs have gained much attention from re- 

searchers, since these polymers possess many interesting properties such as high 

thermoxidative stability, excellent solvent resistance, low melt-viscosity, low coefficient of 

thermal expansion and excellent mechanical properties. Of particular interest in the area of 

thermotropic liquid crystalline polymers is that the LCPs can be oriented in the thermotropic 

state to produce highly oriented materials which exhibit higher strength and higher modulus 

than other engineering thermoplastics. However, improving the rather poor mechanical 

properties in the transverse direction of the LCPs still remains a challenge to most research- 

ers. 

Synthesis of copolymers is one of the important approaches available in order to 

combine the properties of two immiscible homopolymers into the same material. Many de- 

sirable properties could be obtained through this approach by carefully controlling copolymer 

structure and architecture. The other approach, which is the most direct and versatile 

method for producing new materials, polymer hybrids, is the physical blending of two or more 

polymers. However, the properties of physical blends are strongly dependent upon the de- 

gree of compatibility of the components, which may become a limiting factor in this approach 

[3]. 

There are several objectives of this dissertation research. A first objective was to 

synthesize polyarylates containing bulky pendant groups which were based on 5-tertiary 

butylisophthalic acid via melt acidolysis techniques, so that the resulting polymers may be 

tested as gas permeable membranes. The investigation of polyarylates was also used as a 

case study in order to establish the most efficient reaction conditions for the preparation of 

thermotropic liquid crystalline copolymers and segmented LCP copolymers. A second ob- 

jective of the research was to synthesize novel polyether-ester LCP copolymers by incorpo- 

rating either 4(4-acetoxyphenoxy) benzoic acid or 4(2-acetoxy-6-naphthoxy) benzoic acid , A-B 

monomers containing ether groups, into rigid polymers so that the resulting copolymers could 

INTRODUCTION 3



be melt-processable. A final objective of the research was to incorporate an amorphous 

engineering thermoplastic, poly(arylene ether ketone)(PEK) into liquid crystalline main chain 

polyester structures. This approach could produce segmented LCP copolymers which pos- 

sessed a “balance” of mechanical properties, both in the longitudinal and transverse di- 

rections. Thus, novel carboxyl terminated poly(arylene ether ketone) oligomers of controlled 

molecular weights were also synthesized. 

In the following chapter, Chapter 2, a review of the synthesis, as well as structure- 

property relationships of polyarylates, thermotropic liquid crystalline copolymers, segmented 

LCP copolymers and some theoretical consideration of the LCPs is provided. The synthetic 

procedures of monomers and polymers as well as characterization methods are given in 

Chapter 3. A detailed discussion of the melt acidolysis technique and experimental results is 

presented in Chapter 4, followed by conclusions, suggested future studies and references. 
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Chapter 2 

EXPERIMENTAL 

2.1. Introduction 

Monomer purity is very important in a step-growth polymerization to achieve high 

molecular weight polymer. This requirement can be easily explained by the Carothers 

equation; 

  

where Xn = the degree of polymerization and p = the extent of the reaction. 

The degree of polymerization, Xn, depends on the value of p, forexample; p = 0.95, 

Xn = 20 and as p = 0.99 (99 % conversion), Xn = 100. This simple relation shows that a 

high conversion, which depends on the monomer purity, is required in order to achieve the 

high degree of polymerization. Therefore, monomers used in this dissertation research were 

carefully purified. 
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The Carothers equation can also be extended as; 

{+r 

Xn= 1+ r—erp 

where r is the molar ratio of the reactants. This equation is used to calculate the amount of 

monomers for the preparation of polymers of the controlled molecular weight and end groups. 

An example of the calculation can be seen in Appendix A. 

This chapter describes the synthesis and purification of monomers, reagents, 

oligomers, and polymers. Information related to source, molecular weight, molecular struc- 

ture and boiling point or melting point for each chemical are provided. The methods of anal- 

ysis of the materials are also included. 

2.2 Materials ; Synthesis and Purification 

2.2.1 Monomers and Reagents 

2.2.1.1 2,2’-Bis (4-hydroxyphenyl) propane (Bisphenol A) 

Source Dow Chemical Company 

Empirical formula CisH15O2 

Molecular weight 228.27 

Structure 

a 
CH, 
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Purification procedure : 

A 100.00 g quantity of bisphenol A was added to 500 ml of toluene in a 1 liter 

Erlenmeyer flask. The mixture was stirred while heating on a hot plate. When bisphenol A 

was completely dissolved, activated charcoal (1g ) was added. The mixture was allowed to 

boil for 3 minutes and then filtered through a Buchner funnel using Celite® to remove 

charcoal. The clear solution was transferred to a 1 liter Erlenmeyer flask and allowed to cool 

to room temperature. After placing in ice-bath for 2 hours, the crystals were filtered and dried 

under reduced pressure at 70 - 80°C for 24 hours. Yield ~ 90%, m.p. = 152 - 153°C(lit.m.p. 

= 155°C). 

2.2.1.2 2,2’-(4-acetoxypheny!) propane (Bisphenol A diacetate) 

Source synthesized from bisphenol A 

Empirical formula CygH29O, 

Molecular weight 312.36 

Structure 

Synthesis procedure : 

A 100.00 g quantity of bisphenol A was placed in a 1 liter three necked round bottom 

flask fitted with a condenser, gas inlet and a stirrer bar. Acetic anhydride (200 ml) and sodium 

acetate (0.01 g) were then added . The solution was refluxed under Nz, atmosphere, while 
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stirring for 1 hour. The excess of acetic anhydride was distilled off, the solution was cooled 

to room temperature and 100 ml of ethanol were added. The mixture was precipitated by 

pouring into ice-water. The precipitate was collected and dissolved in methylene chloride in 

a separatory funnel, washed with distilled water, 2% aqueous potassium hydroxide and finally 

distilled water. Methylene chloride was distilled off and the solid residue was recrystallized 

from ethanol/water and dried in an oven under reduced pressure at 70°C for 24 hours. Yield 

~ 97%, m.p. = 83 - 84°C (lit.-m.p. = 84 - 83°C). 

2.2.1.3 5- Tertiary butylisophthalic acid (5-t-BulPA) 

Source Amoco Chemical Corporation 

Empirical formula Cy2H 1404 

Molecular weight 222.24 

Structure 

O O 
ll | 

HO-C C-OH 

CH; - C - CH; 

CH, 

Purification procedure : 

This diacid was of very high purity and thus is a polymer grade material. It was used 

without further purification. However, it was dried in a vacuum oven at 110°C for 24 hours 

before use. Its m.p.is > 300°C. 
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2.2.1.4 4-Acetoxybiphenyl (PABP) 

Source synthesized from 4-phenylphenol (Aldrich) 

Empirical formula C14H 1202 

Molecular weight 212.25 

Structure 

O 

Synthesis procedure : 

An aqueous solution of sodium hydroxide was prepared in a 1 liter Erlenmeyer flask 

from 4.00 g of the base and 500 mi of distilled water. It was heated to 40 - 50°C on a hot plate 

and stirred by using a stirrer bar. A 20.00 g portion of 4-phenylphenol was dissolved in the 

aqueous base. Acetic anhydride (15.00 ml) was then added and the solution was stirred for 

1 hour. At this moment, a precipitate was formed. It was collected, redissolved in ethanol 

and decolorized. The ethanol solution was added to distilled water until it just turned turbid 

and was then allowed to crystallize first at room temperature and then in an ice-water bath for 

12 hours. The white fluffy crystals were collected and dried at 60°C in a vacuum oven for 24 

hours. Yield ~ 94%, m.p. = 76°C. 

2.2.1.5 4-Fluorobenzophenone (PFBP) 

Source Aldrich Chemical Company 

Empirical formula C13H,OF 

Molecular weight 200.21 
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Structure 

Purification procedure : 

This compound was purified by recrystallization in a concentrated ether solution. It 

was dried under vacuum at 60°C for 12 hours. Its melting point was 47°C(lit.m.p. = 45 - 47°C). 

2.2.1.6 Hydroquinone diacetate (HQDA) 

Source synthesized from hydroquinone ( Eastman Kodak) 

Empirical Formula CinH 1904 

Molecular weight 194.19 

Structure 

O O 
ll Il 

CH;-C-O {_ )-0-C- Chi 

Synthesis Procedure : 

The synthesis of hydroquinone diacetate was performed in the same manner as that 

of bisphenol A diacetate. The reaction was done by refluxing 200.00 g of hydroquinone in 400 

ml of acetic anhydride and 0.01 g of sodium acetate under nitrogen for 1 hour. After removing 

the excess of acetic anhydride by distillation, ethanol (100 ml) was added. The mixture was 

then poured into distilled water where the compound precipitated out of a solution. The pre- 
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cipitate was redissolved in 600 ml of ethanol. Activated charcoal (1 g) was added and the 

solution was boiled for about 2 minutes. After filtration, about 100 ml of water was slowly 

added until the solution remained turbid on heating. Ethanol was slowly added to produce a 

clear solution which was allowed to crystallize overnight. The crystals were filtered and dried 

in a vacuum oven at 75°C for 24 hours. Yield ~ 90%, m.p. = 120°C(lit.m.p. = 121 - 123°C). 

2.2.1.7 Tertiary butylhydroquinone diacetate (t-BuHQ) 

Source synthesized from tertiary butylhydroquinone ( Eastman Kodak) 

Empirical Formula Cy4H 190, 

Molecular weight 250.29 

Structure 

O O 
ll l 

CH;- C-O O-C-CH; 

CH, - C - CH, 
| 

CH, 

Synthesis procedure : 

Tertiary butylhydroquinone diacetate was synthesized from t-butylhydroquinone and 

acetic anhydride in the presence of sodium acetate using the same method as described 

earlier for hydroquinone diacetate. Yield ~ 90%, m.p. = 50°C. 

2.2.1.8 Resorcinol diacetate 

Source Aldrich Chemical Company 

Empirical formula CsH19O4 
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Molecular weight 

Density at 25°C 

Boiling point 

Structure 

Purification procedure : 

194.19 

1.178 

146°C (12 mm Hg) 

O O 
Il I 

CH3- C-O Cr O-C-CH, 

Resorcinol diacetate was purified by a fractional distillation method. A 100 ml portion 

of resorcinol diacetate was placed in a fractional distillation apparatus as shown in Figure 1 

on page 13. After discarding first 5 ml, the distillate of resorcinol diacetate was collected at 

its constant boiling point (160°C/15 mm Hg). 

2.2.1.9 4,4’-Biphenol diacetate (4,4’-BPDA) 

Source 

Empirical Formula 

Molecular weight 

Structure 

Synthesis procedure : 

EXPERIMENTAL 

synthesized from 4,4’- biphenol (Aldrich Chemical Company) 

CigH 40, 

270.28 

I ll 
CH;- C-O O-C-CH, 

12
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Figure 1. The fractional distillation apparatus 
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4,4’-Biphenol diacetate was prepared by a method similar to that of hydroquinone 

diacetate. 4,4’- Biphenol (100.00 ml) was dissolved in 200 ml of acetic anhydride in the pres- 

ence of sodium acetate as a catalyst and refluxed for 1 hour. Yield ~ 95%, m.p. = 

162°C(lit.m.p. = 160 - 163°C). 

2.2.1.10 4,4’- Thiodiphenol diacetate (BIS T diacetate) 

Source synthesized from 4,4’- thiodiphenol ( Aldrich Chemical Company) 

Empirical formula C1isH 40.8 

Molecular weight 302.35 

Structure 

O O 
I l 

4,4’- Thiodiphenol diacetate was synthesized by the same procedure as that describ- 

Synthesis procedure : 

ing for hydroquinone diacetate. Yield ~ 90%, m.p. = 78°C. 

2.2.1.11 Chlorohydroquinone diacetate (CIHQDA) 

Source synthesized from chlorohydroquinone (Aldrich Chemical Company) 

Empirical formula CipHsO,.Cl 

Molecular weight 228.63 

Structure : O O 

ll ll 

CH,- C-O O-C-CH, 

Cl 
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Synthesis procedure : 

Chlorohydroquinone diacetate was synthesized by the same method as that of 

bisphenol A diacetate. However, it was recrystallized and decolorized twice and then dried 

in a vacuum oven at 40°C for 24 hours. Yield ~ 82%, m.p. = 68 - 70°C (lit.m.p. = 72°C). 

2.2.1.12 Phenylhydroquinone diacetate (PhHQDA) 

Source synthesized from phenylhydroquinone (Aldrich Chemical Company) 

Empirical formula CigH14Oz 

Molecular weight 270.28 

Structure 

O O 
I I 

CH;- C-O . ) O-C-CH, 

Synthesis procedure 

Phenylhydroquinone diacetate was synthesized by the same method as that of 

chlorohydroquinone diacetate . Yield ~ 86%, m.p. = 70 - 71°C. 
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2.2.1.13  4-Hydroxybenzoic acid (PHBA) 

Source Eastman Kodak or Amoco Chemical Company 

Empirical formula C7HsO03 

Molecular weight 138.12 

Structure 

O 
I 

Ho-< )- C-—OH 

sodium hydroxide (15.00 g) was dissolved in 300 ml of distilled water in a 1-liter 

Purification procedure : 

Erlenmeyer flask. Then, 25.00 g of 4-hydroxybenzoic acid was added. The solution was filtered 

and acidified with aqueous HCI (50% by volume) which precipitated the 4-Hydroxybenzoic acid 

It was collected and recrystallized from ethanol/water solution. The fine colorless crystals 

were then dried in a vacuum oven at 90°C for 24 hours to afford a 96% yield ( m.p. 216°C ). 

2.2.1.149 4-Acetoxybenzoic acid (PABA) 

Source synthesized from 4-hydroxybenzoic acid 

Empirical formula CsHsOq 

Molecular weight 180.16 

Structure 

O i 1 
CH;-C— o{ )- C-OH 
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Synthesis procedure : 

Into a 1.5 liter Erlenmeyer flask were charged 100.00 g of 4-hydroxybenzoic acid which 

was converted to the dipotassium salt by reaction with 84.00 g of potassium hydroxide in 600 

ml of water. The solution was heated to 40 - 50°C with stirring and 150 ml of acetic anhydride 

was then added. A white precipitate was formed and after the solution was cooled to room 

temperature, 120 ml! of dilute HCI (50% by volume) was added allowing a white precipitate to 

be collected by filtration. The product was washed several times with distilled water and then 

recrystallized from ethanol/water. The crystals were dried at 70°C for 24 hours under vacuum. 

Yield ~ 92%, m.p. = 189°C(lit.m.p. = 189 - 191°C). 

2.2.1.15 Terephthalic acid (TPA) 

Source Aldrich Chemical Company 

Empirical formula CsHsO, 

Molecular weight 166.13 

Structure 

O I 1 
HO-C <)> C-OH 

Purification procedure : 

Terephthalic acid (100.00 g) was reacted with 50.00 g of sodium hydroxide dissolved 

in 400 ml of distilled water. The solution was filtered and acidified with a dilute aqueous sol- 

ution of HCI (50% by volume) to regenerate the terephthalic acid. The white precipitate was 
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filtered and washed several times with distilled water. The product was dried at 110°C for 24 

hours under vacuum. Yield ~ 95%, m.p. > 300°C with decomposition. 

2.2.1.16 Naphthalene -2,6- dicarboxylic acid (2,6-NDA) 

Source Amoco Chemical Company 

Empirical formula Ci2HgO4 

Molecular weight 216.19 

Structure 

O 
l 

ia l 
HO-C 

Purification procedure : 

Naphthalene -2,6- dicarboxylic acid was purified in the same manner as terephthalic 

acid by converting it to disodium salt using aqueous sodium hydroxide. The solution was then 

acidified with HCl to regenerate the diacid. Yield ~ 90%, m.p. > 300°C. 

2.2.1.17  Tris[2(2-methoxyethoxy)ethyl] amine (TDA-1) 

Source Aldrich Chemical Company 

Empirical formula CysHzsOgN 

Molecular weight 323.42 

Boiling point 160°C (0.5 mm Hg.) 

Structure 

EXPERIMENTAL 18



— oN CH, 

Wo, oS 
CH 

\ So 

TDA-1 was purified by a fractional distillation method using an apparatus shown in 

Purification procedure : 

Figure 1 on page 13. TDA-1 (100 ml) was charged into a 500 mi round bottom flask and dis- 

tilled under reduced pressure. The distillate was collected after first discarding about 5 per- 

cent. 

2.2.1.18 4-Chlorobenzonitrile 

Source Aldrich Chemical Company 

Empirical formula C,;H;ON 

Molecular weight 137.57 

Structure 

ope 
Purification procedure : 

The starting material, 4-chlorobenzonitrile, (200.00 g) was dissolved in 600 ml of 

ethanol in a 1 liter Erlenmeyer flask after adding 1 g of activated charcoal, the solution was 

boiled for about 3 minutes and filtered through a funnel using Celite® to remove the charcoal. 

Distilled water was added to the hot solution until it just turned turbid. Next, it was allowed 

to cool to room temperature and was placed in an ice-water bath overnight. The colorless 
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needle crystals were collected and dried at 25°C under vacuum for 24 hours. Yield ~ 88%, 

m.p. = 92 - 93°C(lit.m.p. = 93°C). 

2.2.1.19 4-Methoxyphenol 

Source Aldrich Chemical Company 

Empirical formula C7HsO2 

Molecular weight 124.14 

Structure 

CH, o< )- OH 

Purification procedure : 

4-Methoxyphenol was a reagent grade material. It was used without further purifica- 

tion, however, it was dried at room temperature in an oven under reduced pressure for 24 

hours. Its melting point is 55 - 57°C(lit.m.p. = 55°C). 

2.2.1.20 4,4’-Difluorobenzophenone (DFBP) 

Source IC| Chemical Company 

Empirical formula Ci3HsOF2 

Molecular weight 218.20 

Structure 
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Purification procedure : 

4,4’-Difluorobenzophenone used was a polymer grade monomer. It was used without 

further purification. It was dried at 70°C for 24 hours in an oven under reduced pressure to 

produce a white solid with a melting point of 105°C (lit.-m.p. = 105°C). 

2.2.1.21 4 (4-Methoxyphenoxy) benzonitrile (PMPBN) 

Source synthesized from 4-methoxyphenol and 4-chlorobenzonitrile 

Empirical formula C14Hy,02N 

Molecular weight 225.15 

Structure 

ono oe 
Synthesis procedure : 

A 1 liter three necked bottom flask was used which was equipped with a nitrogen inlet, 

an overhead mechanical stirrer and a condenser with a Dean Stark trap. 4-Methoxyphenol 

(50.00 g) and 30.00 g of anhydrous potassium carbonate were charged along with 500 ml of 

DMSO and 80 mi of toluene. The mixture was heated to 130 - 140°C while stirring and was 

kept at this temperature for 2 hours to remove about 3.7 ml of water. 4-Chlorobenzonitrile 

(55.47 g) was added and the temperature was raised to 150 - 160°C. The reaction was contin- 

ued for another 8 hours to achieve complete reaction. After the solution was cooled to 80°C, 

it was filtered and 500 mi of water was then added slowly which caused the product to pre- 
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cipitate out off the solution. It was collected and recrystallized from ethanol/water to afford a 

yield 95% ( m.p. 110°C ). 

2.2.1.22 4(4-Hydroxyphenoxy) benzoic acid (PHPBA) 

Source synthesized from 4(4-methoxyphenoxy) benzonitrile 

Empirical formula C13H 90. 

Molecular weight 230.14 

Structure 

0 HO )- 0 )-Con 

Into three necked round bottom flask, fitted with a condenser, a stirrer bar and a ni- 

Synthesis procedure : 

trogen inlet, was charged 60.00 g of 4(4-methoxyphenoxy) benzonitrile. Acetic acid (300 ml) 

and 120 ml of 48% aqueous HBr were then added. The solution was refluxed for 6 hours and 

then transferred to a 1 liter Erlenmeyer flask. A precipitate was formed when water was 

added which was filtered and recrystallized from ethanol/water using activated charcoal as a 

decolorizing agent. The white solid product was collected and dried under reduced pressure. 

Yield ~ 95%, m.p. = 192°C(lit.m.p. = 192 - 193°C). 

2.2.1.23 4(4-Acetoxyphenoxy) benzoic acid (PAPBA) 

Source synthesized from 4{4-hydroxyphenoxy) benzoic acid 

Empirical formula C1sH1205 

Molecular weight 272.16 
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Synthesis procedure : 

4(4-acetoxyphenoxy) benzoic acid was synthesized from 4(4-hydroxyphenoxy) benzoic 

acid in a similar manner as the previously described 4-acetoxy benzoic acid. 

4(4-hydroxyphenoxy) benzoic acid (50.00 g) was converted to its dipotassium salt by reacting 

with 25.00 g of potassium hydroxide dissolved in 500 mi of distilled water. The solution was 

heated to 40 - 50°C with stirring and 45 ml of acetic anhydride was then added slowly to which 

produced a white precipitate. After cooling to room temperature, 40 ml of a dilute HCl (50% 

by volume) was added. The white precipitate was collected and recrystallized from 

ethanol/water using activated charcoal as a decotorizing agent. The colorless crystals were 

collected by suction filtration and dried at 70°C for 24 hours under vacuum. The yield was 92 

% with a melting point of 152°C(lit.m.p. = 149 - 150°C). 

2.2.1.24 6-Bromo-2-naphthol 

Source Aldrich Chemical Company 

Empirical formula C,.H,OBr 

Molecular weight 223.07 

Structure 
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Purification procedure : 

6-Bromo-2-naphthol is a chemical with 97% pure and was used without purification ( 

m.p.is 121°C ). 

2.2.1.25 6-Bromo-2-methoxynaphthalene 

Source synthesized from 6-bromo-2-naphthol 

Empirical formula C,,H,OBr 

Molecular weight 237.13 

Structure 

cnoL IT 
Synthesis procedure : 

Sodium hydroxide (10.00 g) was dissolved in 600 ml of distilled water in a 1 liter 

Erlenmeyer flask, followed by addition of 50.00 g of 6-bromo-2-naphthol. The solution was 

heated to 70°C under nitrogen atmosphere with stirring and DMSO was then added dropwise 

until it turned clear. The solution was filtered to remove some undissolved solid particles, 

methylsulphate (20 ml) was added to the solution while continuing to stir at 70°C. This pro- 

cedure produced a white precipitate. When the solution was cooled to room temperature, it 

was filtered through a Buchner funnel. The mother liquor was again treated with 20 ml of 

methylsulphate and the combined precipitate was dissolved in ethanol treated with 2 g of ac- 

tivated charcoal. The solution was boiled for 3 minutes and filtered through a Buchner funnel 
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using Celite® to remove the charcoal. Water was added to the hot clear solution until it just 

turned turbid. It was allowed to cool to room temperature and then placed in ice-water bath. 

The crystals were filtered and dried at 40°C under reduced pressure for 24 hours. The yield 

was 94 % and the melting point was 103 - 104°C(lit.m.p. = 101 - 103°C). 

2.2.1.26 Ethyl-4-hydroxybenzoate 

Source Aldrich Chemical Company 

Empirical formula C5H1903 

Molecular weight 166.18 

Structure 

i 
Ho-{ )- C- OC,H; 

Purification procedure : 

Ethyl-4-hydroxybenzoate was recrystallized from ethanol/water. It was filtered and 

dried in an oven at 70°C under vacuum for 24 hours which gave a melting point of 118°C. 

2.2.1.27 4(2-Methoxy-6-naphthoxy) ethylbenzoate (PMNEB) 

Source synthesized from 6-bromo-2-methoxynapthalene and 

Ethyl-4-hydroxybenzoate 

Empirical formula CopH 1gO3 

Molecular weight 322.36 

Structure 
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Synthesis procedure : 

A 1 liter three necked resin kettle was equipped with a high torque overhead Stirrer, 

nitrogen gas inlet, a Dean Stark trap fitted with a condenser. 6-Bromo-2-methoxynaphthalene 

(40.00 g), ethyl-4-hydroxybenzoate (28.05 g), potassium carbonate (30.00 g) which was ground 

to a fine powder and copper bronze (0.8 g) were charged into the kettle. Next, 70 ml of toluene 

was added. The reaction mixture was heated 130 - 140°C using oil bath with a stirrer. After 

an expected amount of water (1.5 ml) was collected, toluene was removed by distillation. The 

temperature was then raised to 210 - 215°C and kept constant for 10 hours. When the mixture 

was cooled to 80°C, it was dissolved in 400 ml of toluene and filtered. The residue was dis- 

solved in ethanol and acidified with a dilute solution of HCI (50% by volume) . The solution 

was filtered and then added with water until precipitate was formed. The toluene mother liq- 

uor was distilled off under reduced pressure to give a slightly yellow solid. The combined 

solid was redissolved in 500 mi of ethanol and 3 g of activated charcoal was added. The sol- 

ution was allowed to boil for 5 minutes and then filtered through a Buchner funnel using 

Celite® to remove charcoal. Water was then added until turbidity was observed. It was al- 

lowed to crystallize overnight in ice-water bath. The white solid was collected and dried under 

reduced pressure providing a yield of 92 %. The product was a mixture of 

4(2-methoxy-6-naphthoxy) ethylbenzoate and 4(2- methoxy-6-naphthoxy) benzoic acid and was 

used for the next step without separation. 
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2.2.1.28 4(2-Hydroxy-6-naphthoxy) benzoic acid (PHNBA) 

Source synthesized from 4(2-methoxy-6-naphthoxy) ethylbenzoate (PMNEB) 

and 4(2-methoxy-6-naphthoxy) benzoic acid (PMNBA) 

Empirical formula C17H120, 

Molecular weight 280.28 

Structure 

Synthesis procedure : 

The synthesis of 4{2-hydroxy-6-naphthoxy) benzoic acid was done in the same manner 

as that of 4(4-hydroxyphenoxy) benzoic acid. A 50.00 g mixture of PMNEB and PMNBA was 

refluxed in HBr/acetic acid ( 80 ml of 48% HBr and 300 ml of acetic acid ) for 12 hours. The 

product was dried at 110°C in an oven under reduced pressure for 24 hours. Yield ~ 95%, 

m.p. = 217°C. 

2.2.1.29 4(2-Acetoxy-6-naphthoxy) benzoic acid (PANBA) 

Source synthesized from 4(2-hydroxy-6-naphthoxy) benzoic acid 

Empirical formula CisH 05 

Molecular weight 322.32 

Structure 
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Synthesis procedure : 

4(2-Hydroxy-6-naphthoxy) benzoic acid (40.00 g), 0.01 g of sodium acetate and 200 ml 

of acetic anhydride was charged into a 1 liter three necked round bottom flask equipped with 

nitrogen inlet, a condenser and a stirrer bar. The solution was refluxed for 3 hours and the 

excess of acetic anhydride was removed by distillation. After adding 100 ml of ethanol, the 

solution was poured into 500 ml of distilled water. The product was allowed to crystallize for 

several hours after which the crystals were collected and recrystallized from ethanol/water 

using activated charcoal as a decolorizing agent. After the product was dried, It was again 

recrystallized from toluene/hexane. The crystals were filtered and dried at 90°C for 24 hours 

under vacuum. Yield ~ 93%, m.p. = 198°C. 

2.2.2 Solvents 

2.2.2.1 Dimethylsulfoxide (DMSO) 

Source Fisher Scientific 

Empirical formula C,H,OS 

Molecular weight 78.13 

Density at 25°C 1.095 

Boiling point 190°C 

Structure 
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Purification procedure : 

Dimethylsulfoxide (400 ml) was stirred over 2 g of crushed calcium hydride for 24 

hours. The solution was distilled under reduced pressure (b.p. = 76°C/12 mm Hg) in an ap- 

paratus shown in Figure 2 on page 30. After discarding the first 20 ml, the distillate of a con- 

stant boiling fraction was collected. This solvent was freshly distilled before use. 

2.2.2.2 N-Methyl-2-pyrrolidone (NMP) 

Source Fisher Scientific 

Empirical formula CsHsON 

Molecular weight 99.13 

Density at 25°C 1.026 

Boiling point 202°C (dec.) 

Structure 

CH; 

Purification procedure : 

N-methyl-2-pyrrolidone (400 ml) was stirred over 2 g of crushed calcium hydride for 

24 hours and then distilled under reduced pressure (b.p. = 81°C/10 mm Hg). The first 30 ml 

fraction was discarded. A constant boiling fraction was obtained as a colorless liquid and 

stored over pretreated 4A molecular sieves in a flask fitted with a drying tube. 
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Figure 2. The apparatus for solvent purification 
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2.2.2.3. N,N-dimethylacetamide (DMAc) 

Source Fisher Scientific 

Empirical formula C,HsON 

Molecular weight 87.12 

Density at 25°C 0.937 

Boiling point 166°C 

Structure 

Purification procedure : 

N,N’-dimethylacetamide (400 ml) was stirred over phosphorous penta oxide (2 g) for 

24 hours and distilled under reduced pressure {b.p. = 58°C/11.4 mm Hg). After discarding first 

20 ml, a constant boiling fraction was collected. This solvent was stored over pretreated mo- 

lecular sieves. 

2.2.2.4 Toluene 

Source Fisher Scientific 

Empirical formula C;Hs 

Molecular weight 92.14 

Density at 25°C 0.867 

Boiling point 111°C 

Structure 
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Orn 
Toluene (300 ml) was stirred over calcium hydride (2 g) for 24 hours and distilled in a 

Purification procedure : 

nitrogen atmosphere. The distillate was collected after a 20 ml portion was removed and 

stored over pretreated molecular sieves. 

2.2.2.5 Chlorobenzene 

Source Fisher Scientific 

Empirical formula C.Hs5Cl 

Molecular weight 112.56 

Density at 25°C 4.107 

Boiling point 132°C 

Structure 

O-< 

Purification procedure : 

Chlorobenzene (200 ml) was stirred over 1 g of calcium anhydride for 24 hours and 

distilled under nitrogen atmosphere. The constant boiling fraction was collected and stored 

under a nitrogen atmosphere. 
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2.2.2.6 Acetic anhydride 

Source Aldrich Chemical Company 

Empirical formula C,H,O3 

Molecular weight 102.09 

Density at 25°C 4.082 

Boiling point 138 - 140°C 

Structure 

O 

. | 
CH3-C 
aN 

O 

CH3- 0 

Purification procedure : 

Acetic anhydride (500 ml) was stirred over 2 g of Mg turning for 24 hours and distilled. 

After discarding the first 10 ml, the constant boiling fraction was collected and stored under 

nitrogen atmosphere. 

2.2.3 Treatment of molecular sieves 

Molecular sieves (4A) purchased from Fisher Scientific were placed in an evaporating 

dish and dried at 50°C under reduced pressure for 24 hours. 
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2.3 Synthesis of Oligomers and Polymers 

2.3.1 Carboxyl terminated poly(arylene ether ketone) oligomers 

(PEKCOOH) 

A poly (arylene ether ketone) oligomer (PEKCOOH) of <Mn> 5000 g/mole was syn- 

thesized using the following reactants (See Appendix A. for the calculation). 

Bisphenol A 12.626 g 0.05531 #£moles 

4,4'-Difluorobenzophenone 13.093 g 0.06000 moles 

4-Hydroxybenzoic acid 1.348 g 0.00976 #moles 

Potassium carbonate 10.785 g 0.07815 moles 

Toluene } 80 ml 

DMSO 140 = ml 

DMAc 70 ml 

Polymerization procedure : 

A 1 liter four necked round bottom flask was equipped with a thermometer, a nitrogen 

inlet adaptor, a mechanical stirrer, A Dean Stark trap with a condenser and an oil bath. The 

sketch of the experimental apparatus is shown in Figure 3 on page 36. Bisphenol A, 

4,4-difluorobenzophenone, 4-hydroxybenzoic acid, 20% molar excess of anhydrous potassium 

carbonate were charged into the flask. DMSO, DMAc and toluene were then added. The re- 

action was run under nitrogen atmosphere at 130 - 140°C for 3 hours until the water expected 

stoichiometrically was collected. The temperature was then raised to 150 - 160°C by removing 

toluene from the reaction mixture. The reaction was allowed to proceed to completion for 10 
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hours. The mixture was cooled to 120°C, separated from the solid salts and then poured 

slowly into an acidic solution of methanol/water (70/30 by volume) containing 1 M HCI in a 

rapidly stirred Waring blender. The product was collected and washed several times with 

distilled water. It was then dried at 120°C under vacuum for 12 hours. The product was dis- 

solved in DMAc, neutralized with concentrate hydrochloric acid and then precipitated in 

methanol/water. It was redissolved in chloroform, precipitated in methanol/water, and dried 

at 100°C in a vacuum oven for 24 hours. The yield of this reaction was nearly quantitative. 

2.3.2 Non-reactive poly(arylene ether ketone) oligomer 

Non-reactive PEK oligomer of <Mn> 12000 g/mole was prepared using a procedure 

similar to that of PEKCOOH oligomer in an apparatus shown Figure 3 on page 36. The ma- 

terials needed for the synthesis are listed below. 

Bisphenol A 15.00 g 0.06573 moles 

4,4'-Difluorobenzophenone 13.86 g 0.06354 moles 

4-Fluorobenzophenone 0.98 g 0.00445 moles 

Potassium carbonate 10.88 Z 0.07880 moles 

Toluene 80 ml 

DMAc 300 ml 

Polymerization procedure : 

Into a 1 liter four necked round bottom flask was added bisphenol A, 

4,4’-difluorobenzophenone, 4-fluorobenzophenone and potassium carbonate followed by 

DMAc and toluene solvents. The solution was heated by means of a silicone oil bath under 

N2 atmosphere to 130 - 140°C while agitating with an overhead stirrer. The temperature was 
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Figure 3. The apparatus for the synthesis of oligomers and polymers 

EXPERIMENTAL 36



maintained until the water produced from the reaction was azeotroped off, which usually took 

about 3 hours. Polymerization proceeded by raising the temperature to 150 - 160°C for 12 

hours by removing toluene. The polymer solution was then cooled to 80°C and filtered through 

a coarse glass fritted filter. It was precipitated in ethanol/water (70/30 by volume) , filtered 

and dried at 120°C in a vacuum oven for 24 hours. The product was redissolved in chloroform 

and precipitated in methanol/water followed by drying in a vacuum oven at 100°C for 24 hours. 

A quantitative yield was obtained. 

2.3.3 Polyarylates based on 5-tertiary butylisophthalic acid (5-t-BulPA) 

2.3.3.1. Polyarylate of 5-t-BulPA and Bisphenol A diacetate 

This polymerization was conducted via a melt acidolysis technique which involved a 

two step process. The first step was to synthesize a prepolymer of low molecular weight, and 

second step was to form a high molecular weight polyarylate by additional transesterification. 

The process employed the following materials : 

5-Tertiary butylisophthalic acid 18.00 g 0.0810 moles 

Bisphenol A diacetate 27.83 g 0.0890 moles 

Calcium acetate 0.01 zZ 

Antimony trioxide 0.01 g 

Polymerization procedure: 

Step 1: 5-tertiary butylisophthalic acid, bisphenol A diacetate ( 10 mole % excess) , 

calcium acetate and antimony trioxide as catalysts, were charged into a 1 liter round bottom 

flask equipped with an air condenser surrounded by a heating tape blanket and a heating 

EXPERIMENTAL 37



mantle. The experimental apparatus is shown in Figure 4 on page 39. The system was heated 

to 260 - 270°C and maintained at this temperature for four hours under nitrogen atmosphere. 

The temperature of the air condenser was maintained at 170°C. A vacuum of about 2 torr was 

applied for 20 minutes just before completion in order to remove acetic acid. Step 2: The 

brittle prepolymer from the first step was transferred to a 500 ml three necked resin kettle 

equipped with a high torque overhead stirrer, nitrogen gas inlet and outlet adaptors and a 

heating mantle half filled with graphite flakes as shown in Figure 5 on page 40. The kettle 

was heated to 290°C under a steady stream of nitrogen for 2 hours. The reaction was con- 

tinued at 320 - 330°C for 1 hour, and then nitrogen flow was stopped. A vacuum of 2 torr - 20 

millitorr was applied until the reaction mixture was too viscous to stir. The product was dis- 

solved in chloroform and precipitated in methanol. It was dried in an oven at 100°C under a 

reduced pressure for 12 hours. The dried product was again heated at 260°C under a high 

vacuum of 20-50 millitorr for 20 hours. 

2.3.3.2 Polyarylate of 5-t-BulPA and resorcinol diacetate 

The polymerization via melt acidolysis was used to produce the high molecular weight 

polyarylate. The composition was as follows : 

5-Tertiary butylisophthalic acid 15.00 g 0.06740 moles 

Resorcinol diacetate (liquid) 13.76 g 0.07080 # moles 

Calcium acetate 0.01 g 

Antimony trioxide 0.01 g 

Polymerization procedure : 

A similar melt acidolysis procedure to that of polyarylate of 5-t-BulPA and Bisphenol 

A diacetate was employed by using 5 % molar excess of resorcinol diacetate. 
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Figure 4. The apparatus for the synthesis of polyarylate prepolymers 
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2.3.3.3 Polyarylate of 5-t-BulPA and tertiary butylhydroquinone diacetate 

The high molecular polyarylate was synthesized via melt acidolysis from the following 

materials using 10 % molar excess of the diacetate. 

5- Tertiary butylisophthalic acid 14.00 

Tertiary butylhydroquinone diacetate 17.34 

Calcium acetate 0.01 

Antimony trioxide 0.01 

Polymerization procedure: 

& 0.06300 

0.06930 

moles 

moles 

This reaction was carried out following the same procedure as that of the polyarylate 

of 5-t-BulPA and bisphenol A diacetate. 

2.3.3.4 Polyarylate of 5-t-BulPA acid and 4,4’-thiodiphenol diacetate 

The polyaryiate was synthesized from the following materials : 

5-Tertiary butylisophthalic acid 12.00 

4,4'-Thiodiphenol diacetate 17.96 

Calcium acetate 0.01 

Antimony trioxide 0.01 

Polymerization procedure : 

0.05390 

0.59400 

moles 

moles 

The polymerization was done via melt acidolysis which is the same procedure as for 

synthesizing the polyarylate of 5-t-BulPA and bisphenol A diacetate. 
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2.3.4 Polyether-ester copolymers based on 4(4-acetoxyphenoxy) 

benzoic acid 

2.3.4.1 Poly(oxybenzoate-co-oxyphenoxybenzoate) (POB-POPB) 

The polyether - ester copolymer was synthesized via a one step melt acidolysis using 

chlorobenzene as a presolvent. A list of the materials utilized in this reaction is shown below: 

4(4-Acetoxyphenoxy) benzoic acid 22.66 g 0.08330 moles 

4-Acetoxybenzoic acid 15.00 gz 0.08330 moles 

Chlorobenzene 10 ml 

Polymerization procedure : 

4 (4-acetoxyphenoxy) benzoic acid and 4 - acetoxybenzoic acid were charged into a 1 

liter three necked resin kettle equipped with a high torque overhead stirrer, nitrogen inlet and 

outlet adaptors and a heating mantle half filled with graphite flakes as shown in Figure 5 on 

page 40. Chlorobenzene was used as a presolvent in order to homogenizing the system and 

to prevent monomers from sublimation. The reaction was run at 200 - 220°C for 12 hours, 280 

- 290°C for 3 hours and 340°C for 1 hour under a steady flow of nitrogen. By this time, es- 

sential all of chlorobenzene and most of anticipated acetic acid were distilled off. The reaction 

was continued at 340 - 360°C, nitrogen flow was stopped and a vacuum of 2 torr - 20 millitorr 

was applied for 30 minutes. The reaction temperature was then reduced to 260°C and kept 

constant for 20 hours under a high vacuum of 20 millitorr. 
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2.3.4.2 Polyether-ester copolymer of PAPBA, TPA and CIHQDA 

The polymerization was carried out via melt acidolysis by using the following materi- 

als: 

4(4-Acetoxyphenoxy) benzoic acid 15.00 g 0.0551 #£=moles 

Terephthalic acid 9.16 g 0.0551 moles 

Chlorohydroquinone diacetate 12.84 g 0.0562 moles 

Chlorobenzene : 10 mil 

Polymerization procedure : 

This polyether-ester copolymer containing 50 mole % of 4(4-acetoxyphenoxy) benzoic 

acid was synthesized by the same procedure as the 4(4-acetoxyphenoxy) benzoic acid and 

4-acetoxybenzoic acid system. The diacetate of 2% molar excess was used. 

2.3.4.3 Polyether-ester copolymer of PAPBA, TPA, and PhHQDA 

The materials used for this melt acidolysis were : 

4(4-Acetoxyphenoxy) benzoic acid 14.00 g 0.0514 moles 

Terephthalic acid 8.55 g 0.0514 moles 

Phenylhydroquinone diacetate 14.17 gz 0.0524 moles 

Chlorobenzene 10 ml 

Polymerization procedure : 
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This melt acidolysis reaction was done in the same manner as that of the 

poly(oxybenzoate-co-oxyphenoxybenzoate). 

2.3.4.4 Polyether-ester copolymer of PAPBA, 2,6-NDA and HQDA 

The polyether-ester copolymer containing 70 mole % of 4(4-acetoxyphenoxy) benzoic 

acid was prepared via melt acidolysis. A list of materials used in the polymerization was : 

4(4-Acetoxyphenoxy) benzoic acid 18.00 g 0.0661 moles 

Naphthalene -2,6- dicarboxylic acid 6.13 g 0.0283 moles 

Hydroquinone diacetate 5.12 g¢g 0.0289 moles 

Chlorobenzene 10 mil 

Polymerization procedure : 

The same procedure as that of the polyether-ester of POB-POPB was employed. The 

diacetate of 2% molar excess was used. 

2.3.4.5 Polyether-ester copolymer of PAPBA, TPA, and 4,4’-BPDA 

The materials used in this melt acidolysis are listed below : 

4(4-Acetoxyphenoxy) benzoic acid 18.00 g 0.0661 moles 

Terephthalic acid 5.41 g 0.0326 moles 

4,4'-Biphenol diacetate 8.98 ¢g 0.0332 moles 

Chlorobenzene 10 ml 
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Polymerization procedure : 

This polyether-ester copolymer composed of 67 % by mole of PAPBA was synthesized 

by using the same procedure as for synthesizing the polyether-ester copolymer of POB-POPB. 

2.3.4.6 Polyether-ester copolymer of PAPBA, TPA and Bis T diacetate 

The ether-ester copolymer containing 67 mole % of 4(4-acetoxyphenoxy) benzoic acid 

was synthesized via melt acidolysis. The materials employed for this reaction were : 

4(4-Acetoxyphenoxy) benzoic acid 18.00 g 0.0661 moles 

Terephthalic acid 5.41 g 0.0326 moles 

4,4'-Thiodiphenol diacetate 10.05 g 0.0333 moles 

Chlorobenzene 10 mil 

Polymerization procedure : 

The polymerization was carried out by the same procedure as for synthesizing the 

polyether-ester copolymer of POB-POPB. 

2.3.4.7 Polyether-ester copolymer of PAPBA, TPA, PABA and 4,4’-BPDA ( 

modified Xydar with 28 mole % POPB ) 

A list of materials used in melt acidolysis for this copolymer was : 
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4(4-Acetoxyphenoxy) benzoic acid 10.57 g 0.0388 moles 

Terephthalic acid 3.87 g 0.0333 moles 

4,4'-Biphenol diacetate 9.18 2 0.0339 moles 

4-Acetoxybenzoic acid 12.00 g 0.0666 moles 

Chlorobenzene 10 ml 

Polymerization procedure : 

The polyether-ester containing 28 mole % of 4(4-acetoxyphenoxy) benzoic acid and 

48 mole % of 4-acetoxybenzoic acid was prepared by a method similar to that of the 

polyether-ester copolymer of POB-POPB. 

2.3.4.8 Polyether-ester copolymer of PAPBA, TPA, PABA and HQDA 

The materials used in this synthesis are listed belows : 

4(4-Acetoxyphenoxy) benzoic acid 13.22 g 0.0486 moles 

Terephthalic acid 4.83 ¢ 0.0416 moles 

Hydroquinone diacetate 8.25 g 0.0425 moles 

4-Acetoxybenzoic acid 15.00 g 0.0833 moles 

Chlorobenzene 10 ml 

Polymerization procedure : 

The polyether-ester copolymer composed of 48 mole % of 4-acetoxybenzoic acid and 

28 mole % of 4(4-acetoxyphenoxy) benzoic acid was prepared using a method similar to that 

of the poly(oxybenzoate-co-oxyphenoxybenzoate). 
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2.3.4.9 Poly(oxyphenoxybenzoate) (POPB) 

The homopolymer was also synthesized via melt acidolysis which required the fol- 

lowing materials : 

4(4-Acetoxyphenoxy) benzoic acid 30.00 g 0.11029 moles 

Chlorobenzene 10 ml 

Polymerization procedure : 

Poly(oxyphenoxybenzoate) was synthesized by a method similar to that of polyether- 

ester copolymer of POB-POPB. Nevertheless, the product was an intractable solid which no 

doubt relates to its ordered morphology. 

2.3.5 Polyether-ester copolymer based on 4(2-acetoxy-6-naphthoxy) 

benzoic acid 

2.3.5.1 Poly(oxybenzoate-co-oxynaphthoxybenzoate)(POB-PONB) 

The polyether-ester copolymer containing 50 mole % of 4(2-acetoxy-6-naphthoxy) 

benzoic acid was prepared via melt acidolysis. The materials needed for this reaction were 

4(2-Acetoxy-6-naphthoxy) benzoic acid 21.47 g 0.0666 moles 

4-Acetoxy benzoic acid 12.00 g 0.0666 moles 

Chlorobenzene 10s ml 
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Polymerization procedure : 

The reaction was carried out in a 1 liter three necked resin kettle shown in Figure 5 

on page 40. 4(2-Acetoxy-6-naphthoxy) benzoic acid and 4-acetoxybenzoic acid were charged 

in the reaction kettle. A steady stream of nitrogen was passed into the kettle through the gas 

inlet and outlet adaptors. Chlorobenzene was added to the resin kettle. The kettle was heated 

to 220 - 240°C by a heating mantle, half filled with graphite flakes, and maintained at this 

temperature for 12 hours. Stirring was accomplished via a high torque overhead stirrer. The 

reaction was continued at 280 - 300°C for 3 hours and 340 - 360°C for 1 hour. By this time, the 

chlorobenzene and most of acetic acid was removed by the nitrogen stream. The flow of ni- 

trogen was then stopped and a vacuum of 2 torr - 20 millitorr was applied over a period of 30 

minutes at 340 - 360°C. The temperature was then reduced to 260°C for 20 hours. The product 

was isolated and characterized as described later. 

2.3.5.2 Polyether-ester copolymer of PANBA, PABA, TPA AND 4,4’-BPDA ( 

modified Xydar with 12 mole % PONB ) 

The polyether-ester copolymer was synthesized via melt acidolysis. The following 

materials were required for preparing the copolymer containing 12 mole % of 

4(2-acetoxy-6-naphthoxy) benzoic acid and 48 mole % of 4-acetoxybenzoic acid. 

4(2-Acetoxy-6-naphthoxy) benzoic acid 6.26 g 0.0194 moles 

4-Acetoxybenzoic acid 14.00 g 0.0777 moles 

Terephthalic acid 6.45 g 0.0389 moles 

4,4'-Biphenol diacetate 10.71 g 0.0396 moles 

Chlorobenzene 10 = ml 

Polymerization procedure : 
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The melt acidolysis of this polyether-ester copolymer was performed by the same 

procedure as for synthesizing the polyether-ester copolymer of POB-POPB. 

2.3.5.3 Poly(oxynaphthoxybenzoate) (PONB) 

The homopolymer was prepared by melt acidolysis. The materials needed for the 

reaction was: 

4(2-Acetoxy-6-naphthoxy) benzoic acid 30.00 g 0.09307 moles 

Chlorobenzene 10 m1 

Polymerization procedure : 

Poly(oxynaphthoxybenzoate) was synthesized by a method similar to that of 

poly(oxybenzoate-co-oxynaphthoxybenzoate). However, the product was an intractable solid. 

2.3.6 Poly(arylene ether ketone) (PEK)-Polyarylate amorphous 

segmented copolymers 

2.3.6.1 Poly(arylene ether ketone) - biphenol A chain extended polymer 

The polymer was prepared via melt acidolysis using the following materials : 
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Carboxyl terminated poly(arylene ether 

ketone )oligomer (PEKCOOH)<5700 g/mole> 10.00 g 0.001754 moles 

Bisphenol A diacetate 0.60 g 0.001929 moles 

Calcium acetate 0.001 ¢g 

Antimony trioxide 0.001 g 

Chlorobenzene 10 ml 

Polymerization procedure : 

The oligomer ( PEKCOOH ) of <Mn> 5700 g/mole was charged into a 200 ml resin 

kettle along with 10 % molar excess of bisphenol A diacetate. The kettle was equipped with 

a high torque overhead stirrer, nitrogen inlet and outlet adaptors. Chlorobenzene, calcium 

acetate and antimony trioxide were then added. The resin kettle was heated by means of a 

heating mantle, half filled with graphite flakes, to 200°C over a period of 1 hour and then held 

at 250°C for 2 hours. Nitrogen flow was stopped and a vacuum of 2 torr - 20 millitorr was ap- 

plied. The reaction temperature was raised to 290°C for 2 hours. The polymer was dissolved 

in chloroform, precipitated in methanol/water (70/30 by volume) and then dried in a vacuum 

oven at 120°C for 24 hours. 

2.3.6.2 Poly(arylene ether ketone)-polyarylate of 3-acetoxybenzoic acid 

segmented (PEK-mPOB) 

This segmented copolymer containing 60 % by weight of 3-acetoxybenzoic acid was 

synthesized via melt acidolysis. A list of materials used for the reaction was : 
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Carboxyl terminated poly(arylene ether 

ketone) oligomer of <Mn> 3600 g/mole 13.33 g 0.003703 moles 

4,4'-Biphenol diacetate 1.00 g 0.003703 moles 

3-Acetoxybenzoic acid 20.00 g 0.1110 moles 

Chlorobenzene 10.) soml 

Polymerization procedure: 

Into a 500 mi three necked resin kettle shown in Figure 5 on page 40 was charged 

PEKCOOH <3600 g/mole> , 4,4’-biphenol diacetate, 3-acetoxybenzoic acid and 

chlorobenzene. After nitrogen was purged through inlet adaptor, the reaction mixture was 

heated to 200 - 220°C and kept at this temperature for 12 hours, while stirring via a high torque 

overhead stirrer. The reaction was allowed to proceed at 280 - 290°C for 2 hours and then at 

330°C for 1 hour. Nitrogen flow was stopped and a vacuum of 2 torr - 20 millitorr was applied 

for another 30 minutes at 330°C . The product was collected and dissolved in chloroform. It 

was precipitated from methanol/water (70/30 by volume) and then dried in an oven under re- 

duced pressure at 110°C for 24 hours. 

2.3.6.3 Poly(arylene ether ketone) - Polyarylate of 5-t-BulPA and bisphenol 

A diacetate segmented copolymer 

The melt acidolysis was carried out by using the following materials for the segmented 

copolymer containing 20 % by weight of PEK. 

EXPERIMENTAL 51



PEKCOOH of <Mn> 5700 g/mole 5.00 g 0.0008 # moles 

5-t-BulIPA 10.50 g 0.0495 moles 

Bisphenol A diacetate. 16.06 g 0.0514 moles 

Chlorobenzene 40 mil 

Polymerization procedure : 

PEK-Polyarylate (5-t-BulPA and bisphenol A diacetate) was polymerized via melt 

acidolysis using the apparatus shown in Figure 5 on page 40. Oligomer (PEKCOQOH), 

5-t-BulPA, bisphenol A diacetate (2 % molar excess) and chlorobenzene were charged into a 

500 mi three necked resin kettle . After purging with nitrogen, the kettle was heated to 200°C 

and for 12 hours with stirring. The mixture was heterogeneous as indicated by its cloudiness. 

The temperature was raised to 260 - 280°C and held for 3 hours which produced a clear re- 

action mixture. The temperature was then raised to 330°C and kept constant for 2 hours. A 

vacuum of 2 torr - 20 millitorr was applied when nitrogen flow was stopped until the solution 

was too viscous to stir. The reaction was continued at 260°C for 20 hours under a high vacuum 

of 20 millitorr. The polymer was collected, redissolved in chloroform, precipitated in 

methanol/water and then dried in a vacuum oven at 100°C for 24 hours. 

2.3.7 Poly (arylene ether ketone) - LCP segmented copolymers 

2.3.7.1 Poly(arylene ether ketone) - Poly(oxybenzoate) (PEK-POB) 

Segmented copolymers of poly (arylene ether ketone) and liquid crystalline polymer 

of poly(oxybenzoate) were prepared. The high molecular weight polymer containing 

PEKCOOH of <Mn> 7300 g/mole and 25 wt % of POB was synthesized using the following 

materials : 
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Carboxyl terminated poly (arylene ether 

ketone) oligomer of <Mn> 7300 g/mole 20.00 g 0.002739 moles 

4,4'-Biphenol diacetate 0.74 gz 0.002739 moles 

4-Acetoxybenzoic acid 10.00 g 0.0555 moles 

Chlorobenzene 20 m1 

Polymerization procedure : 

A 500 mi three necked resin kettle was equipped with a high torque overhead Stirrer. 

PEKCOOH of <Mn> 7300 g/mole, 4,4’-biphenol diacetate, 4-acetoxybenzoic acid and 

chlorobenzene were charged into the resin kettle. After nitrogen stream was purged through 

gas inlet and outlet adaptors, the resin kettle was heated by means of a heating mantle ( half 

filled with graphite flakes ) to 200 - 220°C and held at this temperature for 12 hours. The re- 

action was allowed to proceed at 260 - 290°C for 3 hours, and at 330 - 340°C for 1 hour. A 

vacuum of 2 torr - 20 millitorr was then applied until the reaction mixture was too viscous to 

stir. The product was removed from the resin kettle and chopped into small pieces. It was 

then solid state polymerized at 260°C under a vacuum of 20 millitorr for 20 hours. 

2.3.7.2 Poly(arylene ether ketone) - Poly(oxybenzoate -co- 

oxyphenoxybenzoate) (PEK-POB-POPB) 

The high molecular weight segmented copolymer composed of 10 % by weight of 

poly(arylene ether ketone) and 90 % by weight of LCP containing 50 mole % of 

4-acetoxybenzoic acid was synthesized. A list of materials used for acidolysis was : 
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PEKCOOH of <Mn> 12200 g/mole 3.00 g 2.459x 10-4 moles 

4,4'-Biphenol diacetate 0.07 g 2.459 x 10-4 moles 

4-Acetoxybenzoic acid 14.65 g 0.0813 moles 

4(4-Acetoxyphenoxy)benzoic acid 22.13 g 0.0813 moles 

Chlorobenzene 20 ml 

Polymerization procedure : 

The synthesis of this segmented copolymer was carried out by a method similar to 

that of the segmented PEK-POB copolymer. 

2.3.8 Molecular weight controlled non-reactive thermoplastic 

copolymers. 

2.3.8.1 Poly(oxybenzoate-co-oxyphenoxybenzoate) copolymer (POB-POPB) 

of <Mn> 2000 g/imole 

Polyether-ester copolymers containing 50 mole % of 4-acetoxybenzoic acid of con- 

trolled molecular weight were synthesized via melt acidolysis. Its molecular weight was 

controlled by using 4-acetoxybiphenyl as endblocking agent. The materials used were listed 

below : 

4-Acetoxybenzoic acid 6.00 g 0.0333 moles 

4(4-Acetoxyphenoxy) benzoic acid 9.06 g 0.0333 moles 

4-Acetoxybiphenyl 1.40 g 0.0066 moles 

Chlorobenzene 5 ml 
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Polymerization procedure : 

The melt acidolysis of this low molecular weight non-reactive oligomer was conducted 

by a similar procedure as for polymerizing high molecular weight polyether-ester of 

POB-POPB. Thus, 4-acetoxybenzoic acid, 4(4-acetoxyphenoxy) benzoic acid, 4-acetoxy 

biphenyl and chlorobenzene were charged into a 200 mi three necked resin kettle fitted with 

a mechanical stirrer. Nitrogen gas was passed into the resin kettle through gas inlet and 

outlet adaptors. The resin kettle was heated to 200 - 220°C and held at this temperature for 

12 hours. The reaction was continued at 280°C for 2 hours under nitrogen atmosphere and 

then at 300°C for 1 hour under a high vacuum of 2 torr - 20 millitorr. 

2.3.8.2 Poly(arylene ether ketone)-Poly(oxybenzoate - co - 

oxyphenoxybenzoate) segmented copolymer of controlled molecular weight 

The materials used for the synthesis were 

PEKCOOH of <Mn> 3600 g/mole 7.92 g 0.0022 moles 

4-Acetoxybenzoic acid 4.00 gz 0.0222 moles 

4(4-Acetoxyphenoxy) benzoic acid 6.04 g 0.0222 moles 

4-Acetoxybiphenyl 0.94 g 0.0044 moles 

Chlorobenzene 20 = mil 

Polymerization procedure : 

This segmented copolymer is a controlled molecular weight non-reactive multiblock 

copolymer obtained from polymerizing PEKCOOH and polyarylate LCP without a chain ex- 

tended reagent, a diacetate. The POB-POPB segment was controlled for <Mn> =2000 

g/mole. The polymerization was carried out by using the same procedure as that of 

poly(oxybenzoate-co-oxyphenoxybenzoate) of controlled molecular weight. 
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2.3.8.3 Polyether-ester copolymer of PABA, PAPBA, TPA and 4,4’-BPDA 

(Modified Xydar™ with 28 mole % POPB) of <Mn> 2000 g/mole 

A list of materials for the polymerization of controlled M.W. modified Xydar with 28 

mole % POPB was: 

4(4-Acetoxyphenoxy) benzoic acid 3.51 g 0.0129 moles 

4-Acetoxy benzoic acid 4.00 g 0.0222 moles 

Terephthalic acid 1.84 g 0.0111 moles 

4,4'-biphenol diacetate 3.06 g 0.0113 moles 

4-Acetoxybiphenyl 0.30 g 0.00142 #moles 

Chlorobenzene 5 ml 

Polymerization procedure : 

The low molecular weight modified Xydar with 28 mole % POPB was synthesized via 

melt acidolysis employed the same _ procedure as that of poly(oxybenzoate-co- 

oxyphenoxybenzoate) of controlled molecular weight. 

2.3.8.4 Poly(oxybenzoate-co-oxynaphthoxybenzoate) (POB-PONB) of 

controlled molecular weight 

The materials used for synthesizing POB-PONB ( 50/50 mole % ) of <Mn> 2000 

g/mole were listed as follows : 
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4-Acetoxybenzoic acid 5.00 g 0.0277 moles 

4(2-Acetoxy-6-naphthoxy) benzoic acid 8.95 g 0.0277 moles 

4-Acetoxybiphenyl 1.39 g 0.00653 moles 

Chlorobenzene 5 ml 

Polymerization procedure : 

The synthesis of poly(oxybenzoate-oxynaphthoxybenzoate) of <Mn> 2000 g/mole 

was carried out by the same method as that of poly(oxybenzoate-co-oxyphenoxybenzoate) of 

controlled molecular weight. 

2.4 Analysis of Oligomers and Polymers 

2.4.1. Titration of carboxyl terminated oligomers 

The number average molecular weight of carboxyl terminated poly(arylene ether 

ketone) (PEKCOOH) was determined by a titration method [ 29 ]. The acid-base titrations were 

carried out by using an MCI Automatic Titrator GT 05 fitted with a standard glass combination 

pH electrode with Ag/AgCl reference as an endpoint detector. During a titration, the change 

in potential of an indicator electrode is observed as a function of the volume added of a titrant 

of precisely known concentration. N-methyl-2-pyrrolidone(NMP) was used as a solvent for the 

titration of these oligomers. A methanol solution of tetramethylammonium hydroxide ( 

1.84 x 10-* moles/ml) was used as a standard solution. A typical potentiometric titration of 

PEKCOOH oligomers, for example <Mn> = 5000 g/mole, was performed as follows. The 

titrant was first standardized against potassium hydrogen phthalate. Then, a sample of 

PEKCOOH oligomer was weighed into a 140 ml beaker and dissolved in 60 ml of NMP. The 
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electrodes were lowered into the solution which was stirred with a magnetic stirring bar. The 

potential change vs. the volume of the titrant added was plotted and the titration point was 

observed from a chart recorder. The electrodes were then rinsed with isopropanol and re- 

placed in a buffer solution. The number average molecular weight, <Mn> _ was calculated 

using a microprocessor by the formula shown below, 

N 
< > = =o Mn WX SXvoVy 

where W is the weight of sample in grams, N is the number of end-group per molecule, C is 

the concentration of the titrant in moles/ml, V and V, are the volume (ml) of titrant used for the 

sample and the blank solvent. Thus, for example, 0.1924 g, 0.2415 g, 0.83012 g of PEKCOOH 

required 0.37 ml, 0.46 ml, 0.57 ml of the standard solution, respectively. The number average 

molecular weight of this oligomer was calculated to be 5734 ~ 5700 g/mole. 

2.4.2 Fourier Transform Infrared Spectroscopy (FT-IR) 

Fourier Transform Infrared Spectra of monomers, oligomers and polymers were ob- 

tained by using a Nicolet MX-1 Spectrometer which had been upgraded to 10-DX Instrument 

with a resolution of 2.00 cm-'. The spectra were run by scanning for 27 times at room tem- 

perature from 4000 cm-' to 500 cm-' with a background subtraction for each analysis. Samples 

of monomers were prepared as potassium bromide pellets containing 5 % sample. Samples 

of oligomers and polymers were either prepared as thin cast films from solution of 10 % solid 

in chloroform or potassium bromide pellets. 
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2.4.3 Mass Spectroscopy (MS) 

Mass spectroscopy spectra of monomers were obtained using 7070E-HF high resol- 

ution magnetic sector, double focusing mass spectrometer made by VG Analytical in 

Manchester, U.K.. Mass spectroscopy measurements were run in an electron impact 

ionization mode of 70 eV, accelerating voltage of 6000 V, scan rate of 5 sec/decay, range of 

50 - 500 m/e,and source temperature of 200°C. 

2.4.4 Nuclear Magnetic Resonance Spectroscopy ( NMR ) 

Proton magnetic resonance spectra were used for structural analysis of monomers, 

oligomers and polymers. The spectra were obtained using a Bruker WP-270 SY 270 MHz 

Spectrometer on 10 % by weight / volume solution of samples in deuterated chloroform. 

Chemical shifts were reported in ppm( 6 ) relative to tetramethylsilane as an internal standard. 

2.4.5 Gel Permeation Chromatography (GPC) 

Gel Permeation chromatography was employed as a qualitative method to study the 

relative molecular weight and the molecular weight distribution of carboxyl terminated 

poly(arylene ether ketone) oligomers and their segmented copolymers. A Waters WISP 710B 

Instrument with microstyrogel columns of 500, 10-%, 10-4, 10-5 and 10-§ angstrom pore size was 

used. It was equipped with both differential refractive index and UV detectors. Chloroform 

or tetrahydrofuran was used as a solvent with a flow rate of 1.0 ml per minute. A solution of 

0.20-0.25 % by weight sample was employed as a GPC sample. 
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2.4.6 Differential Scanning Calorimetry (DSC) 

Differential scanning calorimetry was used to determine thermal transition and sta- 

bility behavior of oligomers and polymers. The characterization was done on Du Pont Instru- 

ment (DSC-912) equipped with a microprocessor Du Pont Thermal Analyst 2100. The glass 

transition temperatures (Tg) were measured at the midpoint of the change in the slope of the 

base line on the second heating scan. The melting transitions (Tm) were determined as the 

highest point of the transition peaks in the first or second heating scan. The samples were 

tested as compression molded films. 

2.4.7 Thermogravimetric Analysis (TGA) 

Thermogravimetric data were obtained on Du Pont Instrument 915 Thermogravimetric ° 

Analyzer and used to assess the relative thermal stabilities of the oligomers and polymers. 

The sample in a aluminum pan was placed on electronic microbalance which monitored 

weight loss as a function of temperature. This was accomplished either in nitrogen or air at- 

mosphere. Sample size was about 10 mg and the heating rate was normally 10°C per minute. 

2.4.8 Dynamic Mechanical Thermal Analysis (DMTA) 

Dynamic mechanical spectra of compression molded polymer films were obtained by 

a Polymer Laboratories Dynamic Mechanical Thermal Analyzer operating in the single 

cantilever bending mode at a frequency of 1 Hz. A sample size of 1 cm x 2.5 cm with thickness 

of about 1.5 mm were used. The heating rate was 4°C or 5°C per minute. DMTA data were 

used for studying the multiphase nature of the poly(arylene ether ketone)-polyarylate LCP 
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segmented copolymers. The effect of PEK content in the segmented copolymers as well as 

the effect of ether linkages in polyether-ester copolymers on the storage modulus were as- 

sessed by DMTA data. 

2.4.9 Intrinsic Viscosity Determinations 

The measurements of intrinsic viscosities of oligomers and polymers were performed 

by using a Cannon - Ubbelohde dilution viscometer. The viscometer was thermostatically 

controlled in a water bath at 25°C. A polymer sample of about 1.00 g was dissolved in 15 ml 

of chloroform and filtered before use. Four concentrations of the polymer were used for the 

measurements. Generally, the pure solvent time, ty, was determined by averaging three 

measurements of pure solvent. The sample flow times were then measured by taking the 

three flow times, t, for each concentration, C. The four different concentrations were made by 

diluting with 5 ml of chloroform after the measurement. The specific viscosity, 45, was de- 

termined by  (t-to)/tp. The intercept of 4;,/C versus concentration plot was defined as the 

intrinsic viscosity, ys5/Cco, for the polymer. 

2.4.10 Thin Layer Chromatography (TLC) 

Thin layer chromatography was performed on a plastic plate covered with a porous 

solid powder comprised of small particles about 5-40 ym in diameter of silica gel. The plastic 

plate was cut into strips about 3 cm wide and 8 cm long. The sample was applied on the plate 

as a spot by means of a micropipette. The separation took place inside a closed container. 

A mixture of solutes was separated by different rate of migration which depended on the sol- 

vent strength, in terms of solvent- adsorbent interaction. The separated substances showed 

up as dark blue spots when the plate was viewed under ultraviolet radiation. A mixture of ethyl 
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acetate and cyclohexane were employed as a mobile phase. The Rf value of solute was de- 

termined. 

2.4.11 Hot Stage Optical Microscope 

Optical micrographs of polyether-ester LCP copolymers and poly(arylene ether 

ketone)-polyarylate LCP segmented copolymers were taken using a Zeiss : Axioplan optical 

polarizing microscope equipped with a Linkam hot stage. Thin films of the samples were 

prepared by either melting with slight pressure in a compression molding machine at tem- 

perature above the sample melting point or by smearing between two microscope cover slides 

on a hot plate at 350 - 360°C, followed by quenching. The samples were heated under nitrogen 

atmosphere. 

2.4.12 Stress-Strain Measurements 

Tensile properties of polyether-ester copolymers, poly(arylene ether ketone) and 

poly(arylene ether ketone) - LCP copolymers were determined by using an INSTRON tensile 

tester, model 1123. Dogbone shaped samples were cut using a ASTM die, D-3368, from uno- 

riented polymer films made by compression molding. A sample of one inch in size was 

clamped between pneumatic clamps and elongated at a rate of 10 mm/min or 0.25 inch/min 

at room temperature. The modulus was usually determined by drawing a tangent to the initial 

slope of the load extension curve. The results were reported as an average value from the 

measurements of five dogbone samples. In some cases, an extensometer was employed 

which allows for the determination of a more quantitative value. 
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Chapter 3 

LITERATURE REVIEW 

3.1. Introduction 

This chapter is concerned with the synthesis of liquid crystalline main chain polymers 

(LCP) and poly(arylene ether)-LCP segmented copolymers. The synthetic methods of 

polyarylates were included due to the fact that the synthesis of thermotropic liquid crystalline 

polyesters and polyarylates was generally conducted in a similar manner. Apart from the 

polymer synthetic methods, the development of LCPs and structure-property relationships 

were reviewed so as to provide valuable information for further developments. — Critical 

problems concerning the synthesis of poly(arylene ether)-LCP segmented copolymers are 

also highlighted. 
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3.2 Polyarylates 

Polyarylates are considered to be engineering polymers. These polymers are all- 

aromatic polyesters derived from aromatic dicarboxylic acids and diphenols. There are a 

number of polyarylates that have been synthesized based on available diphenols and 

aromatic dicarboxylic acids. A number of publications dealing with polyarylates can be found 

[ 4,5 ] and this area continues to grow [ 6 ]. This section will discuss the general synthesis 

of polyarylates via a variety of methods, as well as the properties of the polymer, of which the 

polyarylate of iso/terephthalate and bisphenol A was chosen as an example. 

3.2.1 Synthetic methods for polyarylates 

There are a variety of synthetic techniques available for the synthesis of polyarylates. 

The basic synthetic methods are interfacial, solution and bulk. The interfacial polymerization 

is performed by the condensation reaction of a diphenol with an acid chloride(s) such as 

bisphenol A and iso/terephthaloyl chloride as shown in Scheme 1. 
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Scheme 1. 
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Detailed descriptions of the interfacial process can be found in several publications [ 

7-14 ]. The interfacial polymerization basically involves the reaction of an aqueous solution 

of the dialkali metal salt of a diphenol with a solution of diacid chloride(s) in a water 

immiscible solvent, methylene chloride or chlorobenzene for example, which is inert under the 

reaction conditions. As the two immiscible starting solutions are brought into contact, the 

polymerization occurs at the interface where a film of the polymer is formed. The growing 

polymer chain is either soluble in the organic solvent or swollen by it. The reactions take 

place at temperatures that are generally within the range of about 0 to 35°C and proceed at 

relatively high rates. The interfacial procedure is usually conducted by stirring the two sol- 

utions in a blender, the intense agitation breaking the polymer product into small particles. 

Phase transfer catalysts have been used and are typically tertiary amines or phosphonium 

salts [6]. Molecular weight can be controlled by adding appropriate endcapping agents such 

as a monophenol or monocarboxylic acid chloride. 

The solution polymerization of polyarylates can be classified into two categories : 

1. Low temperature solution polycondensation 

2. High temperature solution polycondensation 

Low temperature solution polycondensation is conducted by using the classical 

Schotten-Baumann ester-forming conditions. Polymer is produced by reacting essentially 

equivalent amounts of a diacid chloride and dihydroxy compound in an inert solvent, in the 

present of stoichiometric amount of an acid acceptor. The reaction is typically performed in 

solvents such as tetrahydrofuran in the presence of pyridine or triethylamine, which function 

as the acid acceptor, at room temperature or below { -10°C to +30°C ). 

The direct reaction of phosgene with a stoichiometric mixture of a diacid and a 

diphenol in pyridine at room temperature also yields a polyester. The tertiary base acts as 
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both the solvent and catalyst. A mixture of the tertiary base and an inert solvent such as 

methylene chloride, xylene, or chlorobenzene etc. may be used. The possible mechanism is 

shown in Scheme 2 [ 15 ]. 
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NL _4” - HCl 

° 
Il o_t ( \ 

O 
- CO, O 

| I I 
O—C —<_—___—_. O—C—O—C 

Scheme 2 

© 

The high temperature polycondensation, on the other hand, generally requires tem- 

perature above 200°C to give high molecular weight polymers [ 11 ]. The reaction of diacid 

chlorides with diphenols in an inert solvent yields polyarylate and hydrogen chloride as a by- 

product. A wide variety of media are used including dichloroethylbenzene, chlorinated 

diphenyls or diphenyl ethers. The process was found useful for the preparation of highly 

crystalline polyarylates with limited solubilities. The reaction can be catalyzed with a large 

number of Lewis acids and bases [ 13,16,17 ]. Aluminum, titanium and magnesium salts are 

typical catalysts. 

A bulk process, however, offers an alternative route for the synthesis of polyarylates. 

The process is simple, monomers are heated together and the polymer product can usually 

be used as is. The most common problem associated with interfacial and solution techniques 

is polymer precipitation in case of the polyarylates which have a semicrystalline morphology. 

The polymer precipitates prematurely, as a result, only low molecular weight polymer is ob- 
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tained. The bulk process overcomes this limitation, the reaction is usually carried out at a 

temperature above the melting point of the final product. 

There are several techniques to conduct a bulk polymerization to attain polyarylates. 

However, the diacetate process and the diphenate process are normally used. It should be 

noted that the synthesis of polyarylates by the reaction of terephthalic acid dimethylester or 

terephthalic acid is not utilized because the equilibrium is strongly shifted to the side of the 

starting materials [ 18 ]. 

The diacetate process involves reaction of stoichiometric amounts of an aromatic 

dicarboxylic acid and the diacetate derivative of an aromatic diphenol at high temperature 

under an inert atmosphere ( Scheme 3 ) [ 19,20 ]. This method requires continuous removal 

of acetic acid in order to achieve a high molecular weight polymer. 

i [| i i i ll 
CH;,—C—O Cc O— C—CH, + HO—C C—OH 

| 
CH; 

Heat 

> 230°C 

oO CH; oO oO 

i | \ {| 
CH3—C ° : o—c Cc OH + 2n CH,COOH 

CH, : 
n 

Scheme 3. 

Riecke and Hamb [ 21 ] have proposed a mechanism in which aromatic ester forma- 

tion occurs via a mixed anhydride intermediate such that a phenol end-group reacts with the 

anhydride to subsequently eliminate a molecule of acetic acid ( Scheme 4 ). 
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Scheme 4. 

The same mechanism was postulated previously by Temin [ 22 ] for the acidolysis 

reaction of small molecules. However, Loncrini [ 23 ] studied the reaction of trimellitic 

anhydride ( TMA ) and a diacetate in order to prepare a bisesteranhydride for use in the 

synthesis of aromatic polyesterimides. It was found that the anhydride ring of TMA did not 

react under the conditions necessary for the uncatalyzed exchange reaction. Thus, a different 

mechanism was proposed ( Scheme 5 ). 

O O 

AO Jo] Oo 
mo | ow EG 

P-BNo-c_f 1 oy | cn, on 

Scheme 5. 
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The mechanism involves initial hydrogen bonding of the carbonyl oxygen of the ester 

to increase the electrophilic character of the carbonyl. Nucleophilic attack by the carboxylate 

anion on the electrophilic center of the ester yields an intermediate which can undergo intra- 

molecular acylation through a four membered ring transition state. The liberation of the more 

volatile acid, acetic acid, is the driving force for the formation of the product. 

The diacetate process may be catalyzed by empolying a small amount of an 

esterification catalyst, some of which are based on antimony, titanium, magnesium, 

manganese and zinc [ 24,25 ]. The use and selection of a catalyst should be weighed against 

possible effects on the color and hydrolytic stability of the product resulting from catalyzed 

side reactions. 

A technique similar to the diacetate procedure, the diphenate process, was later de- 

veloped [ 26 ] from the original synthetic method of polycarbonates [ 27,28 ]. A high molecular 

weight polyarylate is obtained by the reaction between a diphenyl ester of an aromatic 

dicarboxylic acid and an aromatic diphenol {( Scheme 6 ). 

CH, O oO 
| Il lI 

H C OH Oo—C C—O 

| 
CH; 

Heat 

> 230°C 

CH, O oO 
| ll Il ) H O o-- C Cc O + 2n H 
| 
CH, 

Scheme 6. 
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The ester interchange reaction in the diphenate process can proceed in the absence 

of a catalyst, however, catalysts such as lithium phenoxide, sodium phenoxide and potassium 

borophenoxide may be used [ 6 ]. Due to the reversible nature of the process, removal of 

phenol from the reaction system is necessary to ensure that high molecular weights are 

achieved. 

The molecular weight of the polymers produced from the bulk process can further be 

increased by use of a solid state polymerization. \t is simply a method in which the polymer 

is heated below its melting point under high vacuum for a certain period of time [ 20 ]. How- 

ever, in the bulk process, the control of temperature can be quite critical. Many undesirable 

side reactions can take place at the elevated temperatures commonly used in these reactions 

[ 29 }. Decarboxylation of diacids, thermal rearrangement with the resulting carboxylic group 

under going consequent crosslinking reactions and Fries rearrangements are commonly ob- 

served [ 13,18,30 ]. The Fries rearrangement ( Scheme 7 ) turns out to be a potentially bene- 

ficial side reaction. A reasonable mechanism, via a free radical intermediate, was proposed 

for the photo- Fries rearrangement [ 6,31 ]. 

+-010-1O! 
CH, 

Scheme 7. 

The Fries rearrangement can also be catalyzed with Lewis acids such as titanium, tin 

tetrachloride and aluminum chloride [ 18,32 ]. The o-hydroxybenzophenone moieties are ef- 

ficient UV light absorber based on a tuatomeric enol-keto equilibrium, which dissipates the 
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energy of absorbed incident light in radiationless manner [ 33 ]. The aromatic polyester, 

therefore, becomes inherently UV stable. 

3.2.2 Properties of polyarylates 

Polyarylates are tough materials having good mechanical and thermal properties. A 

series of polyarylates synthesized from iso/terephthalic acid chloride and bisphenol A via 

interfacial reaction [ 9 ] is shown in Table 1 on page 72 which includes their intrinsic 

viscosities and thermal properties. Typical properties of the amorphous bisphenol A based 

poly(iso/terephthalate) which is commercialized under the trade name of ARDEL D-100 are 

listed in Table 2 on page 73. The high heat distortion temperature and UV stability of the 

polymer make this system one of the more interesting engineering thermoplastics. 

Alteration of the bisphenol monomer varies the properties of the resultant polyarylate 

[ 14 ]. If substituted bisphenols with pendant groups such as Cl, Br, or CH, are used, the 

polymers obtained are usually amorphous with glass transition temperatures that are higher 

than that of the unsubstituted bisphenols [ 18,34 ]. Polyarylates made from 

5-tertiarybutylisophthaloyl chloride and a variety of bisphenols via an_ interfacial 

polymerization or a low temperature solution polycondensation were also reported [ 14,35 ]. 

The polyarylates could easily be formed into films and were readily soluble in most common 

solvents. The solubility enhancement was effectively caused by the tertiary butyl groups. 

3.3 Liquid crystalline aromatic polymers 

A new class of polymeric materials, liquid crystalline polymers (LCP), have been de- 

veloped in the last 30 years. These materials have received a great deal of attention from both 
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Table 1. Properties of a series of polyarylates based on bisphenol Aliso-and terephthaloyl 

chloride [ 9,18 ] 

  

  

Iso-/tere- Polymer 

phihalic melt 
dichloride temp(°C) Film 

ratio Ninh Crystallinity Tg(°C) toughness 

100:0 0.52 3.0 235 seer Brittle 

90:10 0.67 2.7 255 181 Tough 

80:20 1.08 1.5 250 188 Very tough 

70:30 1.33 0.3 255 188 Very tough 

60:40 1.53 0.3 255 188 Very tough 

50:50 1.38 0.3 260 194 Very tough 

40:60 0.94 1.3 250 191 Very tough 

30:70 0.79 1.8 260 192 Tough 

20:80 0.74 2.0 245 203 Brittle 

10:90 0.68 2.4 290 soos Very brittle 

0:100 0.51 2.4 315 seee Very brittle 
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Table 2. Properties of an amorphous polyarylate ( ARDEL D-100)[1] 

  

Tensile modulus (psi) 290,000 

Tensile strength at yield (psi) 9500 

Tensile elongation at yield (%) 8.0 

Tensile elongation at rupture (%) 50.0 

Flexural modulus (psi) 310,000 

Flexural strength @ 5% strain (psi) 11,000 

Notched Izod impact strength 1/8 in. ft-lb/in. 4.2 
of notch 

Tensile impact strength (ft-lb fin.”) 140 

Direct impact (ft-lb) 1/8 in. plaque, 3/4 in. >68 
radius dart 

Density g/m 1.21 

Refractive index 1.61 

Water absorption (%) immersion for 

24 hr at 72°F 0.27 

30 days at 72°F 0.71 

Mold shrinkage in. /in. 0.009 

Heat-deflection temperature 1/4 in., 264 psi 174°C 
  

Source: Union Carbide Corp., Bound Brook, N.J. 
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industry and academia. The liquid crystalline or mesomorphic or mesophasic polymers are 

referred to as polymers whose degree of molecular order either in solution (lyotropic) or in 

meit (thermotropic) is intermediate between those of solid crystals and those of isotropic liq- 

uid [36 J]. These polymers are expected to produce materials with high degrees of molecular 

orientation and order which should result in superior mechanical strength since they are able 

to form partially order solutions or melts. Indeed, the aromatic polyamide, poly(p- 

phenyleneterephthalamide) produced by Du Pont Company under the tradename of 

Kevlar™, was spun from solution to give high modulus fibers [ 37,38 ]}. The Keviar™ fiber 

has very high modulus in the range of 9-17 Mpsi, depending on processing conditions; 

Kevlar™ has been used for a variety of applications, including radial tires, armorplates, brake 

linings and composites [ 39 ]. Later, Tennessee Eastman Company developed thermotropic 

p-hydroxybenzoic acid modified poly(ethyleneterephthalate) and commercialized this system 

under the tradename of X7G [ 25,40 ], Dartco Manufacturing Company has produced Xydar™ 

from 4,4’-biphenol, terephthalic acid and p-hydroxybenzoic acid and Celanese has 

commercialized Vectra™ which was synthesized from p-hydroxybenzoic acid and - 

6-hydroxy-2-naphthoic acid, all of which had excellent mechanical properties. 

Theories about the ability of some polymers to form liquid crystals have been pro- 

posed by several workers [ 41-44]. The molecular features responsible for liquid crystallinity 

are asymmetry of molecular shape and anisotropy of intermolecular forces. Flory [ 42 ] put 

forward the so-called Lattice theory which attachs great importance to the molecular shape 

as Clearly indicated in the axial ratio, x ( length to diameter), of rigid and semi-rigid polymer 

chains. In an undiluted system, for example, a critical value of the axial ratio, Xe“, is given 

by [ 45 ] 

Xerit = Wd = 6.4 

Figure 6 on page 76 illustrates compositions of the coexisting phases in a binary 

system consisting of hard rods and a solvent, calculated as functions of the axial ratio ac- 

cording to theory for hard rods devoid of intermolecular attractions [ 45 J. In the limit as 
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X~ oo, V’p/ Vp = 1.465. The two curves merge at Vp = V’p = 6.4 which corresponds to the 

minimum axial ratio required for a stable mesophase in a neat liquid consisting of hard rods. 

When the axial ratio is much greater than 6.4, then the simple geometrical asymmetry of the 

molecules is sufficient to stabilize mesophase, even for a rather diluted system. A stable 

phase system, in solution, is predicted to occur at the critical volume fraction, V;, given by 

Vp%(8/x)(1 — 2/x) 

which is in close approximation for axial ratios x > 10. Thus, the minimum polymer volume 

fraction required for stable anisotropy is decreased by an increase of the axial ratio. The 

verification of this prediction can be found in experiments on lyotropic solutions of liquid 

crystalline polymers [ 44 ]. 

The theory later incorporated asymmetric “soft” attraction to asymmetric “hard” 

repulsion interactions [ 46 ]. Thus, a relationship between geometrical asymmetry, repres- 

ented by the axial ratio, x, and the intensity of the orientation - dependent attraction, repres- 

ented by a characteristic temperature, T , is given by 

Typ = T/T 

where Ts is a reduced nematic - isotropic transition temperature. This theory requires that 

Tw increases with increasing axial ratio below the 6.4 limit. If x is greater than 6.4, then Ty, 

should reach infinity. When the axial ratio is smaller than 6.4, T can be measured. Both hard 

and soft interactions contribute to the stabilization of the nematic phase of an undiluted 

thermotropic system. For completely rigid polymers such as poly(oxybenzoate) and poly(p- 

phenyleneterephthalate), which exhibit high melting transitions, Erman et al. [ 47 ] calculated 

the axial ratio of a chain containing one persistence length; taking this length as 751 A, cor- 

responding to Xn ~ 110 and M.W. ~ 13,500 and by assuming a value of ~ 5 A as chain diam- 

eter, the axial ratio value is ~150. Therefore, one would not expect this material to show 

thermotropic behavior since Ty would be _ infinite. Thus, the basic structure of 
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Figure 6. 

  

        
pp 

Compositions of coexisting isotropic and nematic phases: Vp and V’p are isotropic and 
anisotropic volume fractions , x is the axial ratio of hard rods in athermal solution [ 45] 

LITERATURE REVIEW 76



poly(oxybenzoate) and poly(p-phenyleneterephthalate) should be modified so as to reduce 

their melting points to a usable range. 

The Lattice theory also predicts that solutions containing both rigid rods and random 

coils should yield nematic phases. This prediction has been confirmed by experiments [ 48 

]. However, the theory was not sufficient to explain polymers which comprised both rod-like 

and random - coiling segments [ 49 ]. Flory [ 50 ] later suggested that semi-flexible polymers 

exhibiting nematic or cholesteric behavior might be treated according to the classical Kuhn 

model chain. In recent studies, it was found that the lattice treatment of semi-rigid mesogens 

using the Kuhn chain model offered a better approximation to the experimental behavior than 

that of the more sophisticated wormlike chain [ 51]. Furthermore, the theory has recently 

been refined by taking the temperature coefficient of the the axial ratio into account, it gives 

the estimated axial ratio, at the nematic - isotropic transition temperature, Tw , of 4.9 which 

reflects a balance between hard and soft interactions [ 52 J. 

There are several different types of liquid crystalline phases which can occur, de- 

pending upon the specific molecular structure of the liquid crystalline polymers. Nematics 

and twisted nematics or cholesterics are characterized by a one-dimensional orientation. 

Smectics are characterized by either a two-dimensional layered ordering which includes the 

low order smectics ( smectic A and smectic C ) or a three-dimensional crystal-like ordering 

for the high order smectics (smectic B, D, E, F etc.) [53]. Figure 7 on page 78 shows a 

schematic representation of basic supermolecular structures of the above types of phases. 

“Nematic” comes from the Greek word for thread; nematic crystals have a thread-like pattern 

when observed by a polarized microscope. “Smectic”, from the Greek word for soap, de- 

scribes these crystals’ greasy or soapy properties and “cholesteric” is defined for chiral 

nematic crystals which were first observed with cholesteryl ester [ 54 ]. 

In typical nematic liquid crystals, the only structure restriction is that the long axes of 

the molecules maintain a parallel or near parallel arrangement over macroscopic distance. 

The degree of orientation can be described through the order parameter, S, 
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Figure 7. Schematic representation of supermolecular structures in liquid crystalline phases: (a) 
nematic (b) cholesteric (c) smectic A (d) smectic C and (e) chiral smectic C. 6, twisted 
angle; wy, tilt angle; and p, helical pitch [ 53 ] 
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S = 1/2[3 < cos’@ > — 1] 

where the angle @ gives the deviation of the longitudinal axis of a molecule from the symmetry 

axis known as the director. For S = 1, all molecules are ordered exactly parallel to one an- 

other, and for the isotropic melt, S = 0[ 55]. Experimental values of S range from about 0.4 

at the nematic-isotropic transition to about 0.6 in the nematic phase at lower temperatures [ 

54]. Cholesteric or twisted nematic liquid crystals have a local nematic packing of the mol- 

ecules. However, the director is not fixed, it rotates spatially about an axis perpendicular to 

itself, instead. Thus, cholesteric molecules have a helical structure. The periodicity of the 

structure leads to spectacular color effects, when viewed through a polarized microscope. 

Smectic liquid crystals, however, have several different structures. Molecular packings are 

arranged in strata or layers with each structure possessing a characteristic packing between 

and within layers. Orthogonal smectics are formed when the molecules are perpendicular 

to the layers which include the smectic A, B and E phases. _ Tilted smectics including the 

smectic C, G, H and | are formed when the molecules are tilted with respect to the layers. 

The smectic textures may appear as “fan” or “focal conic” texture when observed by a 

polarized microscope [ 54,56 J. 

For low molecular weight liquid crystal compounds, raising the temperature of 

thermotropic liquid crystals results in the progressive destruction of their molecular order in 

the following manner, since a smectic phase is more ordered than a nematic structure [54,55]. 

  
      

Ti T T. 
a Smectic te Nematic je Isotropic   Crystalline   A Y 
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A similar behavior can be observed for liquid crystalline polymers, however, the 

polymeric crystals may form either smectic or nematic structures upon melting, but the pos- 

sibility exists that a completely nematic phase may be obtained once the temperature is fur- 

ther increased, depending upon the molecular structure. In some cases, such as 

poly(oxybenzoate) and poly(p-phenyleneterephthalate), an isotropic melt will not occur before 

decomposition because the transition temperature is extremely high. 

3.3.1. Thermotropic main chain liquid crystalline polyesters 

Thermotropic liquid crystalline polymers must either have a rigid rod-like structure or 

mesogenic containing groups as monomer units. These structures can be incorporated either 

along the backbone or as pendant groups arranged as a succession of either identical or dif- 

ferent repeating units. The polymers in which the mesogenic groups are located within the 

polymer backbone are known as liquid crystalline main chain polymers, whereas the 

polymers, in which the mesogenic groups are attached to the polymer backbone in a side 

chain-like manner are called liquid crystalline side chain polymers [55]. The scope of this 

review will be limited to the liquid crystalline main chain polymers since the major trust of this 

dissertation was to synthesize copolymers and segmented copolymers which belong to this 

class of LCP polymers. 

3.3.2 Synthesis and Structure of liquid crystalline main chain 

polyesters 

There are three basic types of synthetic processes for polyarylates, i.e. interfacial, 

solution polycondensation and bulk process which were discussed in detail in the previous 
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section. The same processes, as that of polyarylates, were utilized to synthesize 

thermotropic liquid crystalline main chain polyesters. However, in the case of the LCPs, the 

problem of polymer solubility is particular important and can be a limiting factor in the prep- 

aration of high molecular weight LCPs via interfacial and solution polycondensation proc- 

esses. Because the resulting LCPs have, in general, very low molecular weights [ 36,57 ], the 

bulk or melt process, especially a melt acidolysis technique, was found to be the best method 

{ 58 ] and most frequently used [ 59-61 J], although a direct condensation of dihydric phenols 

and aromatic carboxylic acids catalyzed by tin, titanium, or antimony compounds has also 

been reported [ 62 ]. The reaction with phenyl esters and diols is slower and less convenient 

because of the phenol by-product. Economy and co-workers [ 63,64 ] prepared 

poly(oxybenzoate) by polymerization of the phenyl ester of 4-hydroxybenzoic acid or 

4-acetoxybenzoic acid in an appropriate heat exchange media, such as Therminol type sol- 

vents and <Mn> of up to 20,000 g/mole could be obtained. However, the polymer was iso- 

lated in the form of small single crystals. 

Useful difunctional aromatic monomers for thermotropic liquid crystalline main chain . 

polyesters are listed in Table 3 on page 83. According to U.S.patents, most industrial liquid 

crystalline polyesters are polymerized through the melt acidolysis method. The reaction 

steps for two well-known thermotropic copolyesters are illustrated in Figure 8 on page 82 [ 

65]. By a suitable combination of two or three monomers, given in Table 1 on page 72, in 

variable proportions, a large variety of liquid crystalline copolyesters with a wide range of 

melting temperatures can be obtained. The examples, of which some have been 

commercialized, are reported in Table 4 on page 84 

Liquid crystalline polyesters have the basic structures of a sequence of benzene rings 

attached at para-positions through ester groups, for examples, 

Poly(p-phenyleneterephthalate) 
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Figure 8. Synthesis of X7G and Vectra™ copolymers: [ 65 ] 
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Table 3. Monomers used in the synthesis of liquid crystalline aromatic polyesters [ 36 ] 
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Table 4. Structures of some liquid crystalline malin chaln polyesters [ 53 ] 
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He 
Poly(oxybenzoate) 

Poly(p-phenyleneterephthalate) is derived from A-A and B-B type monomers of 

hydroquinone and terephthalic acid. In contrast, poly(oxybenzoate) is synthesized from an 

A-B type monomer of 4-hydroxybenzoic acid. However, both of these polymers give infusible 

products because of their high melting temperatures. Thus, the prepolymers were obtained 

as a solidified product. To achieve low melting, processable liquid crystalline polymers, 

modification of these basic structures were needed. It has been demonstrated that there are 

several approaches to accomplish the reduction of the melt temperatures of these polymers, 

which may be classified into four different synthetic methodologies including [ 53,80 ] (See 

Figure 9 on page 86): 

1. Introduction of suitable substituents on the aromatic rings of the polymer repeating units 

2. Introduction of flexible spacers into the polymer backbone 

3. Introduction of different size aromatic units 

4. Introduction of nonlinear aromatic units 

The first approach is to modify aromatic rings in the polymer repeating unit with suit- 

able substituents such as a phenyl group, an alkyl group, an alkoxy group and a halogen atom. 

The unsymmetrical substituted aromatic units cause sequence randomization as well as in- 

creased chain separation. Thus, the melting temperature is reduced significantly, for exam- 

ple, in the modified poly(p-phenyleneterephthalate): 
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Figure 9. Representation of structural designs for the reduction of Tm’s of LCPs: [ 53 ] 
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  vt 
X 

Modified poly(p-phenyleneterephthalate) 

where the substituents are Cl, Br, CsHs and CsHi3. A single substitution reduces the crystal 

nematic transition temperature from 600°C to the range 290 - 405°C, while substitution on both 

aromatic rings reduces the transition temperature to 205 - 235°C [ 61,81,82 ]. 

The second approach for reducing the high melting temperature is to incorporate 

flexible spacers of different length and type in a regular or random manner. The flexible 

spacers disrupt the the aromatic sequences and also weaken overall chain cohesion in the 

melt [ 81 ]. The example in this case is the work done by Jackson et al. [ 39 ] on 

poly(oxybenzoate) modified PET : 

O O O 
iH th HW 

xX Y 

PHBA/PET 

where x/y is 60/40 molar ratio, the melting temperature is 230°C. 

The third approach is to reduce Tm by designing polymer structures with aromatic 

rings of different sizes so as to frustrated polymer chain packings. This approach involes the 

introduction of the 2,6-oriented naphthalene or 4,4’- biphenyl moiety into the rigid polymer 

chain. The typical example that employed this approach was the copolymer of 
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6-hydroxy-2-benzoic acid (HNA) and 4-hydroxy benzoic acid (PHBA), Vectra™, prepared by 

Calundann at Celanese. As can be seen from Figure 10 on page 89, which shows the effect 

of various composition of HNA on the melting temperature of the copolymer [ 65 J, the eutectic 

point is ~ 250°C; this corresponds to 40 mole % of HNA content. 

The forth approach is the introduction of “kinked” or nonlinear aromatic units into the 

polymer chain. The kinked units is postulated to cause the reduction of the effective axial 

ratio of the molecule or, part of the molecule, and thereby make crystallization difficult [ 80 J. 

Addition of kinks into polymer chain can be accomplished in two ways : one way is to use 

dibenzoic acid or diphenol which have the following structures [ 61,82 ], 

vr Dk py 

where x is -C(CH3)2- , -CH,- , -O- , -S- and-SO,- and y is either -OH or -COOH. Jackson 

[ 61 ] as well as Jin et al. [ 36 ] observed that the biphenols with bulkier x groups were more 

efficient in disrupting thermotropic liquid crystallinity of the resulting copolymers. Table 5 

on page 90 shows the maximum amount of the various biphenols in the copolymers which is 

required for the retention of liquid crystallinity. It should be noted that 4,4’-oxydiphenol, which 

has an oxygen atom as a linking atom, is the second monomer in the series that can be uti- 

lized in high mole percent to modify LCPs. Another way to include kinks in the rigid polymer 

chain is to use meta-aromatic isomers such as resorcinol [ 61 ], isophthalic acid [ 80,83 ] and 

3-hydroxybenzoic acid [ 61 J. 
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Table 5. Effect of amount of bisphenols on the properties of liquid crystalline polymers based on 
chlorohydroquinone and terephthalic acid [ 36 ] 
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3.3.3. Development of liquid crystalline main chain polymers 

This section will review some of the historical background of thermotropic liquid 

crystalline polymers along with structure-property relationships of the polymers. The con- 

tents will be categorized according to the basic structures of the polymers. 

3.3.3.1 Poly(oxybenzoate) 

The homopolymer of PHBA has been well documented and dated back to over 100 

years [ 84-86 ]. The polymerization was conducted by melt condensation of 4-hydroxybenzoic 

acid or 4-acetoxybenzoic acid, however, the reaction did not produce the desired product be- 

cause the oligomers solidified too quickly. The reaction was actually run in the solid state 

and some degradation was observed, in the form of the phenyl ester of phenoxybenzoic acid, 

with both of these monomers [ 63 ]. The source of such a by-product was unknown, but it may 

be formed by the etherification of a dimer and a monomer, followed by decarboxylation at high 

temperatures [ 64 ]. 

Economy [ 63 ] noted that his group undertook serious studies of the 

poly(oxybenzoate) system in the mid-1960s; it was believed that the homopolymer should be 

thermally stable, in contrary to the previous report [ 86 ], since the structure consisted of rei- 

atively thermally stable groups, i.e. phenylene and ester units. Sintering techniques were 

readily available for processing such a polymer in order to achieve shapes with retention of 

properties at temperatures in excess of 300°C. Poly(oxybenzoate) can be synthesized from 

either the phenyl ester of 4-hydroxybenzoic acid or 4-acetoxybenzoic acid in an appropriate 

heat exchange medium [ 64 ] such as Therminol 66, a high boiling hydrocarbon from Monsanto 

Co.. The reaction of both monomers differ significantly with respect to the relative rate of 

polymerization, <Mn> values and morphology. The phenyl ester polymerized slowly at 275 

- 325°C yielding a homopolymer with a <Mn> of 6000 - 8000 g/mole. With 4-acetoxybenzoic 
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acid, however, the polymerization proceeded rapidly at these temperatures. The polymer with 

a <Mn> of 12000 - 20000 g/mole could be obtained and was isolated in the form of small 

single crystals. At the beginning of 1970, poly(oxybenzoate) homopolymer was announced as 

being commercially available under the tradename "Ekonol”, with properties of extremely high 

stiffness, self-lubricating character and high thermal conductivity [| 87]. The high thermal 

properties of the homopolymer compared to other engineering plastics is shown in Figure 14 

on page 93. 

The nature of the high temperature transitions of poly(oxybenzoate) was also inten- 

sively studied, the homopolymer showing a reversible endotherm at 340°c [ 63 ] and a much 

higher transition at 445°C which was related to the crystal nematic transition [ 88 ]. Jackson 

[ 61 ] reported the polymer’s melting endotherm at a higher temperature (610°C). Recently, 

Kricheldorf et al. [ 89 ] reported that both slab-like crystals and needle-like crystals of 

poly(oxybenzoate) showed multiple endotherms, with the melting process actually begining 

at 510°C and being reinforced by thermal rearrangements and degradation. 

3.3.3.2 LCPs with substituents 

Liquid crystalline main chain polymers (LCPs) with a substituted aromatic ring in the 

polymer repeating unit were first Known to the public from patents which were issued in 

Belgium [| 90 ] and Germany [ 91 ] in 1975. Most of these thermotropic liquid crystalline 

polyesters were prepared from asymmetrically substituted hydroquinone monomers. In 1976, 

the LCPs of chloro-, bromo-, or methylhydroquinone, terephthalic acid and 4,4’-(ethylenedioxy) 

dibenzoic acid were disclosed in U.S. patent literture [ 892 ]. The use of 4,4’-oxydibenzoic acid 

[ 93 ] and 2,6-naphthalene dicarboxylic acid [ 94 ] in the LCPs with substituted monomers was 

also. disclosed. The next development in this area was the synthesis of 

poly(phenyl-1,4-phenyleneterephthalate) from terephthalic acid and the diacetate of 

LITERATURE REVIEW 92



POLYPHENYLENE SULFIDE (50-50 Asbestos) 
\    
    

      

EKONOL 

O4—- 

POLYSUFONE 

Ot +     FLUOROCARBON 

= + —| 
100 200 300 

Temperature (°C) 

Figure 11. Flexural modulus vs. temperature (°C) for various engineering thermoplastics: [ 87 ] 

LITERATURE REVIEW 
93



phenylhydroquinone [ 95 ]. The polymer melted at 340°C and was found to be liquid crystal- 

line. 

Poly(phenyl-1,4-phenyleneterephthalate) 

A similar polymer, in which a halogen or alkyl group was attached to the phenyl ring 

was also reported [ 79 ]. However, when a small substituent such as a halogen or an alkyl 

group containing up to four carbon atoms was attached to the hydroquinone aromatic ring, the 

resulting polymers melted above 400°C [ 61 J. 

In the 1980s, liquid crystalline polymers synthesize from substituted aromatic 

monomers were further developed. The substituted monomers used were phenylterephthalic 

acid [ 96 J, t-butyIhydroquinone [ 97 ], phenoxyhydroquinone [ 98 ], 3-chloro-4-hydroxybenzoic 

acid [ 99 ], and 1-phenylethylhydroquinone [ 100]. High fiber or plastic properties were re- 

alized from the LCPs prepared from these monomers. Thermal-oxidative stabilities of LCPs 

synthesized from various substituted hydroquinones were compared and the order of the ef- 

fect of the substituents on thermal stability at 150°C in air was as follows [ 101 ], 

Phenyl > > t-butyl > chloro > methyl. 

Jin et al. [ 36 ] investigated the effect of various substituents on the transition tem- 

perature of polyesters prepared from substituted hydroquinones and 

4,4’-dicarboxy-1,10-diphenoxydecane as shown below, 

xX 
O Oo 

II TI 

y 
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where x is H and Cl ;yis H, CH;, Cl and Br. The results are summarized in Table 6 on 

page 96. The melting transition (Tm) of the polymer with disubstituted hydroquinone units (x 

and y are Cl) was less than that with the unsubstituted hydroquinone moiety, but higher than 

those with monosubstitution. However, it was found that the isotropic transition (Ti) decreased 

with the increase in size of the substituents. 

3.3.3.3 LCPs with flexible spacers 

The pioneering work for thermotropic liquid crystalline main chain polymers contain- 

ing flexible spacers was done by Kuhfuss and Jackson [ 102 ]. Jackson [ 103 ] noted that the 

first reaction of 4-acetoxybenzoic acid and poly(ethylene terephthalate)(PET) was carried out 

in 1974. The research was initiated because of a desire to increase the mechanical proper- — 

ties, heat resistance and fire resistance of PET fibers and plastics by increasing the aromatic 

content of the polymer. In 1975, De Gennes [ 104 ] suggested that LCPs might be prepared 

by incorporating flexible segments into a rigid polymer chain. In the same year, Roviello and 

Sirigu [ 105 ] reported their success in preparing LCPs containing flexible spacers by the re- 

action of p,p’-dihydroxy-a,«’-dimethyl benzalazine and aliphatic acid chlorides to give a 

polymer with the following structure : 

tow, | mf | fen Lo) tsi of — 
n 
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Table 6. Transition temperatures of LCPs prepared from substituted hydroquinones and 

4,4’-dicarboxy-1,10-diphenoxydecane [ 36 ] 

x O O 

LO : O O—Cc oct 0 Yc 

y 

  

  

  

n 

Substituent Tm (°C) Ti (°C) ° 
DSC DSC ATCO) 

x y 

H H 236 294 58 

H CH, 162 274 112 

H Cl 157 279 122 

H Br 146 270 124 

Cl Cl 200 255 55               
LITERATURE REVIEW



where nis 6,8 and 10. Since then many LCPs have been synthesized with various structures 

of mesogenic groups and flexible spacers. Mesogenic groups may be two, three or four 

aromatic or cycloaliphatic rings connected, in the para-positions, either directly or by func- 

tional groups such as ester, azo, azoxy, imino, and trans-vinylene links. The flexible units are 

either polymethylene or poly(methylene oxide) or polysiloxane spacers [ 106 ]. In most cases 

the structure-property relationships of the polymers were investigated. In general, the fol- 

lowing effects were observed : a decrease in the polymer transition temperatures with the 

increase of the spacer length, an even-odd effect or zig-zag behavior of the polymer transition 

temperatures and different morphology with respect to type and length of flexible spacers. 

Figure 12 on page 98 shows the effect of the number of methylene units on melting transitions 

(Tm) and isotropic transitions (Ti) in zig-zag manner [ 107]. Ober et al.[ 106 ] suggested that 

the even-odd effect was related to the trans and gauche conformation of the flexible spacer. 

Liquid crystalline polymers of the following structure had been studied by several 

workers [ 108, 109 ] : 

O O 

ll 

It was found that the polymers having an even number of methylene units had higher degrees 

of crystallinity and showed a smectic mesophase that was stable over a boarder temperature 

range while those having an odd number of methylene units exhibited a nematic mesophase 

over a certain temperature range. A series of polymers from p,p’-carboxyl terminated 

terephenyl and an alkylene or a poly(oxyethylene) spacer with the structure shown below 

were also synthesized [ 110,111 J, 
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where R is —(CH2), — or —(CH,CH, —- O —), — CH,CH,—. The observed textures of the 

polymers consisting of alkyl segments were either nematic or smectic. The smectic tenden- 

cies increased as the length of the alkyl segment was extended. However, the polymers with 

oxyethylene segments formed smectic mesophases. 

The structure-property relationships of LCPs containing polysiloxane spacers were 

extensively investigated [ 112-114]. The example of the polymer structure which was studied 

is shown below; 

1! i ini 
— << \- °- ef \_ O — (CHy)3-(Si-O),-Si{CHa)- © — 

| 
CH, CH; x 

where n is 2 and 3 [{ 112 ]. As a result of low glass transition temperatures and lack of 

crystallinity, many of these polymers showed liquid crystallinity at room temperature. The 

results suggested the existence of a glassy liquid crystalline state. By means of optical 

microscopy, Jo et al.[ 114 ] found that in all cases of their investigation, the LCPs having 

polysiloxane spacers exhibited nematic mesophases. 
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3.3.3.4 LCPs with different size monomers 

The useful monomers of various dimensions which have been employed successfully 

in developing processable liquid crystalline polymers are the 4,4’-biphenol and 

2,6-naphthalene derivatives. In 1972, Cottis, Economy and Nowak [ 115 ] disclosed a U.S. 

patent on copolymers which are based on terephthalic acid (TPA), 4,4’-biphenol (or 

hydroquinone (HQ)) and 4-hydroxybenzoic acid (PHBA). These copolymers melted at tem- 

peratures low enough to be molded. Economy [ 64 ] reported that the copolymers of 

TPA/4,4’-biphenol/PHBA could be prepared from a slurry of the acetoxybenzoic acid, 

4,4’-biphenol diacetate and terephthalic acid. The reaction was run in heat exchange medium 

at 300°C-325°C and the polymerization was then carried out by direct heating of the free 

flowing powder at 325°C - 350°C. The copolymer obtained was insoluble in all solvents. Thus, 

characterization via solution techniques was not possible. 

Since the minimum melting temperature of these copolymers was reported to be 

about 388°C [ 116 ], additional modification was required in order to lower the melting tem- 

perature to a usable range. A small amount of either 6-hydroxy-2-naphthoic acid [ 117 ], t- 

Butyl hydroquinone [ 97 ] or isophthalic acid [ 118 ] was added to the copolymers. The 

modification of these copolymers could also be accomplished by replacing terephthalic acid, 

in part or compietely, by carbonate groups [119]. These copolymers showed high fiber and 

plastic properties. It should be noted here that the copolymer of TPA/4,4’-biphenol/PHBA is 

currently commercialized by Amoco Chemical under the tradename Xydar™ 

One of the important developments in the field of thermotropic liquid crystalline 

polymers is the use of 2,6-oriented naphthalene monomers such as 2,6-naphthalene 

dicarboxylic acid (2,6-NDA), 2,6-naphthalene diol (ND) or 6-hydroxy-2-naphthoic acid {HNA) to 

reduce melting temperatures of rigid polymers. Calundann [ 120 ] at Celanese received a 

patent in 1978 for his work in ND/HQ/PHBA copolymers and in 1979, Jackson and Morris [ 121 

] at Eastman received a patent which disclosed the preparation of ND/TPA/HQ/PHBA 

copolymers. Both of these copolymers have a similar eutectic point of about 325°C. The 
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copolymers prepared from TPA, ND and PHBA [ 71 ] had a lower minimum melting temper- 

ature of 280°C. The most interesting copolymers of LCPs containing different size monomers 

is the copolymers prepared from HNA and PHBA which show a remarkable effect of HNA on 

the reduction of melting temperatures of the copolymers. The copolymers showed a eutectic 

point at 245°C [122]. Polyesteramide LCPs based on 2,6-oriented naphthalene monomers 

and p-aminophenol, p-phenylenediamine and p-aminobenzoic acid were also synthesized and 

high performance fibers and plastics could be made from these polymers [ 123 J]. In addition 

to the effectiveness of 2,6-naphthalene derivatives in reducing transition temperatures of rigid 

polymers, Jackson [ 61 ] had made comparative studies of aromatic polyesters which were 

based on naphthalene derivatives and found that the polymers prepared from 2,6-oriented 

naphthalene derivatives,i.e. diacids and diols, had lower melting temperatures than those 

prepared from 1,4- and 1,5- oriented monomers. 

Apparently, the copolymers of 4-hydroxybenzoic acid (PHBA) and 

6-hydroxy-2-naphthoic acid (HNA) have gained the interest of many scientists. The 

copolymers have been well characterized by several methods including X-ray [ 124-129 ], 

optical microscopy [ 130-132 ], transmission electron microscopy [ 130-133 ], DSC [ 134,135 ] 

and NMR techniques [ 136 ]. This copolymers attractiveness may stem from the fact that it 

has melting temperatures in the processable range which make most of the characterization 

techniques possible and this copolymer, which is currently commercialized by Hoechst 

Celanese under a tradename Vectra™ also has a great potential market in the near future. 

3.3.3.5 LCPs with nonlinear aromatic units 

As mentioned earlier, liquid crystalline polymers containing nonlinear aromatic units 

can be prepared either by incorporating dibenzoic acids and diphenols with one atom linking 

the aromatic rings such as oxygen atom, or by using meta-oriented monomers. In 1975 and 

1978, Kleinschster et al. [ 218 ] disclosed the use of 4,4’-oxybiphenol as a modifier in preparing 
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processable liquid crystalline polymers in two U.S. patents. In 1987, Mcintyre et al. [ 137 ] 

reported on the synthesis and thermal properties of poly(chloro-1,4-phenylene terephthalate 

-co- 4,4’-oxybisbenzoate)s. 

O 

OQ $0 AOHE-O-HO-O! Cl mn Cl A 

I II 

The copolymers having compositions (a molar ratio, I/II) from 75/25 to 25/75 exhibited nematic 

mesophases with a nematic temperature range in excess of 100°C which was sufficient for 

melt processing. One major concern of these copolymers was their low glass transition 

temperature which was exhibited at 97+3 °C. The copolymers showed a eutectic point at 

275°C which corresponded to a 50/50 molar ratio. It should be noted that the parent 

homopolymer of this copolymer, poly(chloro-1,4-phenylene-4,4’-oxybisbenzoate) (Il) was re- 

ported to be nematogenic [ 94 ] having Tg of 120 °C, Tey of 337°C and Ty, of 405°C for the high 

molecular weigh polymer [ 137 ]. 

Recently, Skovby et al.[ 138 ] investigated thermal properties of LCPs with the follow- 

ing structures: 

tit Loot yt 

where R is a 1-phenylethyl or phenyl group. These workers found that the copolymers pre- 

pared from terephthalic acid and phenyl- or (1-phenylethyl)hydroquinone modified either with 

LITERATURE REVIEW 102



3,4 or 4,4’-dicarboxydiphenylether and 4-hydroxybenzoic acid showed nematic liquid 

crystallinity. It was also found that modification with 15 mole % of 3,4’ or 

4,4’-dicarboxydiphenylether will lower the melting point below 300°C. 

The effects of meta-oriented monomers on the reduction of melting transitions in liquid 

crystalline polymers have been investigated by several workers [| 36,61,80 ]. Griffin et al. [ 80 

] fully investigated the effect of the various compositions of isophthalic acid on the thermal 

properties of nematic liquid crystalline copolymers with the following structures: 

$HLO-O} Loti 
TPA 

via DSC in combination with hot stage optical microscope. Figure 13 on page 104 shows a 

fairly complete phase diagram for the TPA : IPA compositional series. The crystal-nematic 

transition (Tew) was reduced from ~ 255°C (100 mole % TPA) to temperatures less than 200°C 

when 25-35 mole % IPA was incorporated. In addition, the mesophase stability was attained 

when TPA: IPA was 15 : 85 or higher. 

Erdemir et al.[ 139,140 ] studied the semi-rigid poly(p-oxybenzoate-co-p-phenylene 

isophthalate)s which consisted of rod-like p-oxybenzoate units (A) and p-phenylene 

isophthalate units (B): 

ma Ot Onhy 

A 
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These copolymers showed nematic behavior when the mole % ratio of A and B was in the 

range of 33/67 to 75/25. It was suggested that only those fibers of a compositional range from 

50/50 to 67/33, which had a nematic temperature interval of at least 50°C, were suitable for 

successful melt processing. The spun fibers were highly oriented but crystalline order was 

absent. However, when the fibers were annealed at temperatures ranging from 240°C to 

300°C, crystallization occurred. Jin et al. [ 141 ] studied the effect of various compositions 

of resorcinol on the thermal properties of aromatic polyesters prepared from resorcinol, 

terephthalic acid and 4-hydroxybenzoic acid (PHBA) via melt acidolysis. They found that the 

compositions containing more than 65 mole % PHBA exhibited thermotropic behavior 

whereas those with less than than 40 mole % PHBA were isotropic. 

In addition to meta-oriented monomers, 3,4’-dihydroxybenzophenone was also used 

to synthesize liquid crystalline homopolymers and copolymers. The polyterephthalate of 

3,4’-dihydroxybenzophenone (See structure below) was liquid crystalline and exhibited high 

fiber properties [ 142 J. 

i O O 

oa LOE TC ; 

Poly(3,4'-dioxybenzophenone terephthalate) 

Several LCP copolymers based on the 3,4’-oriented benzophenone monomer were subSe- 

quently synthesized [ 142-143 ] and these also showed high fiber properties. 

3.3.3.6 Commercial LCPs 

As a result of being high performance polymeric materials, i.e. high thermal stability, 

high solvent resistance, high tensile modulus and tensile strength in an oriented direction, low 
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melt viscosity and co-efficient thermal expansion, thermotropic liquid crystalline main chain 

polymers have potential for many applications. The high melting Xydar™ (See Table 7 on 

page 107 for the properties of the injected molded grade polymer) is expected to replace 

metals, ceramics, glass, composites, thermosets and other materials in the area of aerospace, 

computers, telecommunication equipments, automotive parts and microwave cookware in the 

very near future [ 144, 145 ]. Xydar™ LCP resins are produced by Amoco Chemical. 

Table 7 on page 107 also shows the properties of Vectra™ resins which are commercialized 

by Hoechst Celanese. The properties of the resin make it ideal for automotive parts, dental 

and medical tool handles, electronic components, and fiber optics [ 145,146 J. 

In addition to the all-aromatic liquid crystalline polymers, a PET/PHBA copolymer 

produced by or under license from Eastman Kodak is also commercially available [ 147 ]. 

Although, the PET/PHBA resin is not an all-aromatic copolymer, it offers excellent physical 

(See Table 7 on page 107) and electrical properties, and high solvent resistance. The other 

major advantage is a low selling price [ 103 ]. 

3.4 Segmented LCP copolymers 

In 1982, Prevorsek [ 148 ] discussed, in his review journal on approaches of solving 

problems concerning fiber-reinforced composites, the incorporation of an ultra high strength 

fiber in a ductile matrix. The composites exhibited losses of strength due to adhesion prob- 

lems at the fiber-matrix interface and a concentration of stress at fiber ends. Greater strength 

could be attained by increasing fiber orientation, however, the mechanical properties in the 

transverse decreased. It was suggested that an attractive and promising method to solve 

these problems would be the development of so called “molecular composites” : a dispersion 

of rod-like molecules in the matrix of an amorphous homolog. Examples of this approach are 
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Table 7. Properties of injection molded Xydar™, LCP-2000 (Vectra™) and PET/PHBA (40/60) [ 
87 ] 

+49) OE 
Xydar ( y/x , 2/1) 

TM 
Vectra 

oO Oo oO 
il i i 

O~—cH,cH-O — C Cc oO Cc 

40 0 

PET/PHBA ( 40/60 ) 

Properties of liquid crystalline copolyesters (oriented) 
  

  

Xydar ( 2/1) LeR-2008 PET/PHBA 

(Vectra -) ( 40/60 ) 

Tensile strength,psi 20,000 24,000 15,500 

Tensile modulus x 10° psi 2.4 1.4 1.5 

Flexural strength,psi 19,000 24,500 15,900 

Flexural modulus x 10° psi 2.0 1.3 1.3 

Heat deflection 264 psi (°C) 355 180 70 

Processing temperature (°C) 410 320 280 
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: blending of the rod-like poly(p-phenylenebenzobisthiazole (PBT) and the more flexible 

amorphous poly(2-5(6)-benzimidizole (ABPBI) [ 149 ], 

S N N 

n | n 

H 

PBT ABPBI 

blending of block copolymers of poly{p-phenylene terephthalamide)(PPTA) and nylon 6 or ny- 

lon 66 [ 150 J, 

oO oO i oO 

Sa ee Oe ee ee ee 
m n 

PPTA Nylon 66 

and block copolymers of PPTA or poly(p-benzamide) (PBA) and _ poly(m-phenylene 

isophthalamide) [ 151,152 J. 

The preliminary mechanical testing of these systems was found to be encouraging and 

also suggested that chemical bonding of PPTA to the flexible chain blocks of nylon 6 or nylon 

66 lead to a stronger interface between the microfibrils and the matrix than that of the blend 

of the corresponding homopolymers [ 148,150 ]. 

In 1990, Brostow [ 153 ] also made similar suggestions on the approaches to eliminate 

problems exiting in heterogeneous composites, the traditional composite material. One way 

is to utilize LCPs in which the rigid and flexible sequences are chemically boned. The other 

is to develop so called “molecular composites” based on the concept proposed by Helminaik 

and co-workers [ 154,155 J], i.e. the dispersion at the molecular level of rigid chain molecules 

in flexible chain materials. 
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As mentioned earlier, thermotropic liquid crystalline polymers (LCP) can be oriented 

into high strength and high modulus materials. However, by increasing polymer strength in 

the oriented direction, mechanical properties in the transverse direction is not always im- 

proved. An example to illustrate this characteristic of the LCPs is the work done by Griffin and 

Cox [ 80 ] on mechanical properties of a series of injection and compression molded samples 

of LCP copolymers prepared from chlorohydroquinone, 4,4’-oxydibenzoic acid, terephthalic 

acid (TPA) and isophthalic acid (IPA). Figure 14 on page 110 shows that the flexural modulus 

of the copolymers in the oriented direction (along flow) have higher values than that of the 

transverse direction (across flow), which are similar to that of unoriented sample. 

An approach to this problem, which is similar to that of composite materials, in order 

to achieve “balancing” properties in the longitudinal and the transverse directions of the LCPs 

is to synthesize the segmented copolymers containing LCP segments as rigid blocks and 

poly(arylene ether) as flexible segments [ 156-159 ]. The progress of research in this area is 

very much concerned with synthetic methods which can provide a route to the formation of 

true segmented LCP copolymers. Lambert [ 29 ] exhaustively investigated the possibility of 

utilizing either interfacial, solution or bulk condensation as well as a high temperature re- 

action using a heat exchange medium. The results from his work provide valuable informa- 

tion towards the preparation of poly(arylene ether)-LCP segmented copolymers. Some of 

Lambert’s work is briefly reviewed here. Table 8 on page 112 shows poly(arylene ether 

sulfone)(PSF) - poly(biphenol terephthalate) segmented copolymers prepared via interfacial 

technique and their intrinsic viscosity values. The technique was used successfully for the 

synthesis of the segmented copolymers containing a low weight percentage of the LCP. 

However, when the weight percentage of poly(biphenol terephthalate) was increased, prema- 

ture precipitation of polymer species became a problem. In addition, it was observed that the 

maximum amount of the LCP incorporated into the segmented copolymers was dependent on 

the molecular weight of the poly(arylene ether sulfone) oligomer. The higher the molecular 

weight of the PSF segment employed, the greater the amount of biphenol terephthalate that 
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could be incorporated into the copolymers, which was similar observation as for the 

copolymers prepared via solution technique [ 29 ]. 

Lambert [ 29, 156 ] further investigated the alternative route, i.e. a melt acidolysis 

technique, in order to synthesize segmented copolymers containing more than 25 weight 

percentage of LCPs. It was expected that this should overcome the polymer solubility problem 

due to the fact that the melt acidolysis was conducted in the molten state with no solvent. 

The one pot melt acidolysis process, for example, was performed according to the synthetic 

scheme given in Figure 15 on page 113. Hydroxy terminated poly(arylene ether sulfone) and 

4,4’-biphenol were, in situ, converted to diacetates by reacting with acetic anhydride in the 

presence of sodium acetate. Consequently, the acetate derivatives reacted with terephthalic 

acid to form a high molecular weight polymer at higher temperatures and lower pressures. 

It was pointed out that the problem of terephthalic acid sublimation prevented this process 

from producing high molecular weight polymers since the stoichiometry of the reaction was 

upset. As a result, the use of carboxyl terminated poly{arylene ether sulfone) oligomers in 

replace of hydroxy counterparts was suggested [ 29 ]. 

Auman and Percec [ 160 ] also prepared segmented copolymers of hydroxy terminated 

poly(arylene ether sulfone) oligomers and a thermotropic liquid crystalline polyester via melt 

acidolysis. A low melting liquid crystalline polyester, 

poly(chloro-1,4-phenylene-trans-1,4-cyclohexane dicarboxylate)(PCPTCD), prepared from 

chlorohydroquinone diacetate and trans-1,4-cyclohexane dicarboxylic acid was chosen as the 

rigid segments. A repeating unit of the copolymer is shown below : 

O Oo O O 

m a 
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Table 8. Poly(arylene ether sulfone)-poly(biphenol terephthalate) segmented copolymers syn- 

thesized by interfacial techniques [ 29 ] 

  

—Biphenol Terephthalate Content 
Mole % Mole % CHC 

(1) Based on Based [n] 3 

Polymer Moles of PSF on Total Moles Weight % Nl95° 

  

! 0 0 0 0.58 

2 10 4.5 1.0 0.59 

3 20 8.3 2.1 0.68 

4 30 11.5 3.0 0.60 

5 40 14.3 4.0 0.24 (2) 
6 50 16.7 5.0 0.42 (4) 

7 60 18.8 5.9. 0.41 (2) 
  

(1) All polymers based on 2900 <M > hydroquinone/biphenol 
50/50 polysulfone oligomer. 

(2) The intrinsic viscosity solution of these polymers were hazy 
indicating only partial solubility in chloroform. 
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Figure 15. Synthesis of poly(arylene ether sulfone)-LCP segmented copolymers via one pot melt 

acidolysis: [29 ] 

LITERATURE REVIEW 113



These workers concluded that true block copolymers of PSF and PCPTCD were formed when 

a PSF of <Mn> = 1400 g/mole was used. For PSFs with <Mn> > 2300 g/mole, the products 

were not true block copolymers, but rather blends of PSF chain extended by short PCPTCD 

segments and the PCPTCD homopolymer. In addition, the researchers observed that the 

segmented copolymers exhibited schlieren nematic textures and birefringence decreased with 

an increase in PSF content. 

In spite of the problems mentioned here, Matzner and Papuga [ 161 ] were able to 

disclose a U.S. patent of various aromatic polyether-LCP block copolymers based on hydroxy 

terminated poly(arylene ether) prepared via the melt acidolysis method. 
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Chapter 4 

RESULTS AND DISCUSSION 

4.1 Introduction 

The basic structure of liquid crystalline thermotropic polyesters is based on benzene 

rings interlinked at para-positions through ester groups. Examples of such a moiety are 

poly(1,4-phenylene terephthalate) and poly(oxybenzoate). These two aromatic polyesters 

were reported to be infusible [ 9,162,163 ] due to their high melting points which are greater 

than 500°C. For a liquid crystalline polymer to be processable, lower melting polymers are 

desirable. This can be achieved by introduction of disorder into the symmetrical all-aromatic 

structure. Thus, novel liquid crystalline A-B monomers containing ether groups, i.e. 

4(4-acetoxyphenoxy) benzoic acid and 4(2-acetoxy-6-naphthoxy) benzoic acid, were synthe- 

sized. These monomers were used successfully as comonomers in preparing tractable 

polyether-ester LCP copolymers. The ether linkages introduced a kinked structure along the 

polymer backbone which was responsible for the lowering of the pclymer melting temper- 

ature. Thermotropic liquid crystalline polyesters are high strength, high performance materi- 
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als and having a great potential applications in the near future [ 103 ]. Thus, undoubtedly, this 

area of research is rapidly becoming one of the interesting research frontiers in polymer sci- 

ence. 

However, one of the major disadvantages of liquid crystalline polymer is that the ma- 

terial exhibits high strength only in the oriented direction. Therefore, poly(arylene ether 

ketone) - LCP segmented copolymers were synthesized in order to investigate their potential 

to improve the poor strength of the LCP in the unoriented direction. Chemically bonding an 

amorphous poly(arylene ether ketone) into a liquid crystalline polyester is one of the ap- 

proaches that produces segmented copolymers, which may be capable of displaying high 

strength in both the longitudinal and transverse direction. 

This chapter is arranged in the following order. Firstly, it begins with a discussion on 

the synthesis and characterization of the monomers. Secondly, the synthesis of amorphous 

polyarylates based on 5-tertiary butylisophthalic acid via melt acidolysis is discussed. The 

success of these polymerizations were found to be highly dependant on the utilization of the 

melt acidolysis technique and therefore, a description of this method is also included. Thirdly, . 

the synthesis of polyether-ester copolymers as well as the effect of ether linkages on the 

polymer properties are closely examined. Finally, the synthesis and characterization of 

carboxyl terminated poly(arylene ether ketone) oligomers and PEK-polyarylate segmented 

copolymers of both an amorphous and liquid crystalline nature are discussed in detail. 

4.2 Synthesis of 4(4-Acetoxyphenoxy) benzoic acid 

(PAPBA) 

4(4-Acetoxyphenoxy) benzoic acid can be prepared by different routes. Walker [ 164 

] employed the Ullmann condensation reaction to synthesize this compound as illustrated in 
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Figure 16 on page 118. It was intended solely to be used as an intermediate for the synthesis 

of potential cortical hormone substitutes. 

i i 

4(4-Acetoxyphenoxy) benzoic acid 

Thus, 4-bromoanisole and ethyl-4-hydroxybenzoate were reacted in the presence of 

anhydrous potassium carbonate and Cu bronze which afforded a 60 % yield of 

4(4-methoxyphenoxy) benzoic acid (PMPBA). PMPBA was then’ converted to 

4(4-hydroxyphenoxy) benzoic acid and its acetate derivative with quantitative yields being re- 

alized. 

The synthesis of PMPBA was repeated in this dissertation work by using the Walker 

procedure. The difficulty in the preparation of such an ether compound is associated with the 

instability of the alkali metal salts of phenols which char to a considerable degree during the 

course of the reaction. A similar observation was made by Sax et al. [ 165 ]. 

Heath and Wirth [ 166 ] disclosed is a U.S. patent to General Electric Company in 1973 

of about 15 phenyl ether derivatives which were useful as polymer intermediates. The phenyl 

ethers were prepared via the reaction of R-CgsHzaNO2 (R=CH30, CN, CO2C2Hs, etc.) and sodium 

phenoxide. The details of the reaction were very limited. 

In 1988, Yamataka and Kasuda [ 167 ] filed a Japanese patent for 4(4-hydroxyphenoxy) 

benzoic acid to Ashahi Chemical Industry Co. Ltd.. The preparation process of this hydroxy 

acid was performed in several steps as shown in Figure 17 on page 119. Diphenyl ether was 

halogenated by |, in the presence of an oxidizing agent, to produce quantitative yield of 

4,4’-diiodobiphenyl ether (DIBPE). The product was converted to 4-hydroxy-4-iodobiphenyl and 

then to 4(4-hydroxyphenoxy) benzoic acid by reacting with carbon monoxide under basic 

conditions and aqueous sodium hydroxide/copper iodide at 180°C in an autoclave, respec- 

tively. The process gave 65-77 % yield and the iodine can be mostly recovered. 
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Figure 16. Synthesis of 4(4-acetoxyphenoxy) benzoic acid via the Ullmann condensation [ 164 ] 
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Figure 17. Synthesis of 4(4-hydroxyphenoxy) benzoic acid via the halogenation of diphenyl ether 
{ 167 J 
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The development of a new synthetic route for 4(4-acetoxyphenoxy) benzoic acid was 

accomplished during this dissertation research. This simple method shown in Figure 18 on 

page 121 is straight forward and a nearly quantitative yields are possible. The use of 

4-chlorobenzonitrile as an activated aryl halide for the Ullmann condensation was critical of 

the successfull syntheses. | The cyano group is known to be a strong electron withdrawing 

group and consequently, the presence of cyano group at the para-position greatly facilitates 

the substitution of a chlorine atom in an aromatic ring by phenoxide ions. Therefore, this re- 

action does not require copper(!) ion as a catalyst as does the typical Ullmann condensation 

reaction. 

The in-situ formation of potassium phenoxide was achieved by using anhydrous 

potassium carbonate as a weak base and toluene as an azeotropic agent. Water was re- 

moved through a Dean Stark trap. DMSO was chosen as a solvent of choice because of its 

capability of dissolving potassium phenoxide to a great extent. However, caution should be 

taken in order to minimize the possible degradation of DMSO when heated. The temperature 

of the reaction medium should not exceed 160°C. To maximize the product yield, a solid-liquid 

phase transfer catalyst was also employed. Tris [2(2-methoxyethoxy) ethyl] amine (TDA-1) 

was found to be effective as a phase transfer catalyst (PTC) in a phenyl ether formation re- 

action [ 168 ]. In order to compare the efficiency of TDA-1, the reaction was run under the 

same conditions but without PTC, the yield was 70 % . With the catalyst, the pheny! ether yield 

was 95 % . In the presence of a catalytic amount of TDA-1 , potassium phenoxide was prob- 

ably solubilized by complexation formation as illustrated in Figure 19 on page 123. All seven 

donor centers participate in the coordination of the potassium ion which is located at the 

center of the pseudocavity [ 169,170 ]. During the course of the reaction, only the anion 

changes; the cation remains unchanged. However, TDA-1 is released freely when the com- 

plex is reacted with a small anion, such as Cl”, which has a high charge density. Chloride ion 

interacts so strongly with the cation that it can destroy the complexation by electrostatic 

repulsion with the ligands [ 168 ]. The product of this reaction, 4(4-methoxyphenoxy) 

benzonitrile, can be easily converted to 4(4-methoxyphenoxy) benzoic acid by reacting with 
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Figure 18. Synthesis of 4(4-acetoxyphenoxy) benzoic acid via nucleophilic aromatic substitution 
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HI or HBr in acetic acid. The cyano group is oxidized to a carboxylic group and the alkyl ether 

linkage is cleaved to give a hydroxy group. Nevertheless, the diphenyl ether bond is not af- 

fected due to its partial double bond formation as a result of electron delocalization. 

4(4-Acetoxyphenoxy) benzoic acid (PAPBA) can be easily obtained by treating the 

disodium salt of 4(4-hydroxyphenoxy) benzoic acid with acetic anhydride at 40-50°C. A re- 

action temperature of 40-50°C prevents PAPBA from precipitating early in the reaction which 

would lower the observed yield. 

4.3 Characterization of 4(4-methoxyphenoxy) benzonitrile 

(PMPBN) 

4(4-Methoxyphenoxy) benzonitrile is a compound resulting from the reaction of 

4-chlorobenzonitrile and 4-methoxyphenol via a nucleophilic aromatic substitution reaction. 

Its chemical composition was confirmed by an elemental analysis; Cal.: C = 74.65, H = 4.92, 

N = 6.22, found: C = 74.64, H = 4.94,N = 6.18. Its molecular weight was also revealed by 

mass spectroscopy as shown in Figure 20 on page 124. The molecular structure of PMPBN 

was elucidated from the FT-IR spectrum shown in Figure 21 on page 125. The presence of a 

cyano group is detected easily by a distinctive C=N stretching band at 2240 cm—'. The peak 

frequencies of PMPBN and their assignments are listed in Table 9 on page 126. 

From mass spectral analysis, not only the molecular weight can be confirmed, but the 

fragmentations can also provide helpful information in the elucidation of the molecular struc- 

ture. The possible pathways and fragmentations of PMPBN are illustrated in Figure 22 on 

page 127. 

The symbolism is as follows: 
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“O-C6H40CH3 

  
  

Figure 19. The complex formation of TDA-1 and K* [ 168 ] 
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Figure 20. Mass spectrum of 4(4-methoxyphenoxy) benzonitrile 
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Figure 21. FT-IR spectrum of 4(4-methoxyphenoxy) benzonitrile 
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Table 9. FT-IR peak frequencies of 4(4-methoxyphenoxy) benzonitrile and their assignments 

  

Frequency (cm"!) Assignments 
  

3000 

2835 

2240 

2080 - 1670 

1640 - 1400 

1238   

Aromatic C-H stretch 

Methyl C-H_ stretch 

C==N - stretch 

Overtone or combination band 

pattern 

=o ring stretch 

Asymmetric C-O-C stretch 

  

RESULTS AND DISCUSSION 126



, (1) m/e 225. (100%) |-cH 

+ vs RPO pcx 
(2) m/e 210 (61.5%) 

ox \=0) 
CU xo 

-CO \ 

4) m/e 182 (9.2%) (3) m/e 102 (75.0%) 

“Te | ox 

a > Cor @ m/e 154 (43.1%) Y (4) m/e 75 (22.3%) 

TL [ 
Co Ob 

(8) m/e 127 (32.5%) (5) m/e 63 (24.1%) 

4)
 

Figure 22. Possible pathways and major fragments of 4(4-methoxyphenoxy) benzonitrile 
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1. Electron shifts are indicated by curved arrows with “full” ( two electron shifts ) and 

“halved” ( one electron shift ) arrowheads. 

2. The terms odd and even-electron ion are symbolized by ++ and +, respectively. 

3. M** represents the odd-electron molecular ion. 

4. The reaction pathways are represented by the “straight arrows” {( — ). The reactions are 

depicted by the symbol —;> for rearrangement of molecular structures of ions. 

The most intense peak is the molecular ion peak ( M*’ ){ 1) which indicates the high 

Stability of this compound. The loss of CH, from M*° leads to an even-electron fragment (2), 

at m/e 210. After some rearrangement within the molecule of ion (2) has proceeded, a neutral 

molecule of quinone is eliminated from the ion to produce ion (3), at m/e 102 ( the second most 

intense peak ). Further loss of HCN and a carbon atom yields ion (4), at m/e 75 and ion (5), 

at m/e 63, respectively. The formation of ion (6), at m/e 182, results from the loss of CO from 

the ion (2) through a more complicated mechanism called the skeleton rearrangement re- 

action [ 171 ] which is similar to the process of the elimination of CO from diphenyl ether. 

Further loss of the CO from the ion (6) yields ion (7), at m/e 154 and the appearance of the 

peak at m/e 127 ( of ion (8) ) arises from the loss of a neutral molecule of HCN from the ion 

(6). 

4.4 Characterization of 4(4-Acetoxyphenoxy) benzoic acid 

The molecular composition of 4(4-acetoxyphenoxy) benzoic acid [PAPBA] was sup- 

ported by an elemental analysis; Cal.: C = 66.18, H = 4.44; found: C = 66.19, H = 4.48. This 

data also indicates the compound was synthesized in high purity. Its molecular weight was 
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confirmed by mass spectroscopy. Analysis of the molecular structure PAPBA was performed 

by FT-IR, 'H NMR and mass spectroscopy. The infrared spectrum of 4(4-acetoxyphenoxy) 

benzoic acid was obtained in the range of 4000 - 500 cm~'( See Figure 23 on page 130). The 

assignment of the major frequencies is given in Table 10 on page 131. The broad peak at 

above 3000 cm~’ and the carbonyl peak at 1689 cm-' confirms the existence of carboxylic 

group within the monomer. The carbonyl peak of higher frequency at 1757 cm~— is associated 

with the ester group. The strong bands appearing in 1275 - 1200 cm-' region are assigned to 

aromatic C-O-C and acetate C(C=O)-O stretching. 

A proton NMR spectrum of PAPBA is reproduced in Figure 24 on page 132with ac- 

companying chemical shift assignments being given as further evidence of structural confir- 

mation. The ratio of methyl protons and aromatic protons shows good agreement with the 

predicted value. 

The mass spectrum of 4(4-acetoxyphenoxy) benzoic acid is shown in Figure 25 on 

page 133 and fragmentation mechanisms to account for the major fragments are illustrated in 

Figure 26 on page 134. 

At m/e 272, the molecular ion peak ( M*° )(1) has 3.4 % relative intensity indicative 

of the low stability of the compound. It undergoes fragmentation by losing either a neutral 

molecule of CH, =C=0O or OH to form either ion (2), at m/e 230, which is the most intense ion 

or ion (3), at m/e 255. The appearance of ion (4), at m/e 213, results from the loss of OH from 

the ion (2) and CH,=C=O from ion (3). The loss of CO from ion (4) with some molecular 

rearrangement to produce ion (5), at m/e 185. lon (5) has low relative intensity, indicative of 

the low stability of the ion. Its fragmentation gives ion (6), at m/e 77, which is common for a 

molecule consisting of a benzene ring, by losing a neutral molecule of quinone. Loss of H 

by ion (6) yields an odd-electron ion (7), at m/e 76. The elimination of a neutral molecule of 

C,H, from the ion (5) yields ion (8), at m/e 109. lon (8) can further lose CO and oxygen atom 

to produce the five membered ring ion (9), at m/e 81 and ion (10), at m/e 65, respectively. lon 

(5) also yields ion (11), at m/e 157, by the loss of CO. Via a skeleton rearrangement reaclion 

[ 171 ], ion (11) loses HCO to form a stable odd-electron naphthalene ion (12), at m/e 128. 
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Figure 23. FT-IR spectrum of 4(4-acetoxyphenoxy) benzoic acid 
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Table 10. FT-IR peak frequencies of 4(4-acetoxyphenoxy) benzoic acid and their assignments 

  

Frequency (cm!) Assignments 
  

3300 - 2500 

1757 

1689 

1640 - 1400 

1275 - 1200   

Broad O-H stretch 

Ester C =O stretch 

Carboxylic C =O stretch 

— ring stretch 

Asymmetric C-O-C stretch and 
acetate CC(= QO)-O stretch 
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Figure 24. Proton NMR spectrum of 4(4-acetoxyphenoxy) benzoic acid and its chemical shift as- 
signments. 
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4,5 Synthesis and Characterization of 

4(2-Acetoxy-6-naphthoxy) benzoic acid (PANBA) 

A novel A-B monomer of 4(2-acetoxy-6-naphthoxy) benzoic acid was synthesized for 

the purpose of employing it as a comonomer which was, theoretically, able to lower melting 

transition of intractable polymers. In addition, the effect of substituting a naphthalene moiety 

for the benzene group on the polymer properties is also of great interest. 

As discussed earlier, 4(4-acetoxyphenoxy) benzoic acid could be prepared by several 

synthetic methods. One of these was the Ullmann ether condensation reaction [ 164,172 ] 

which utilized anhydrous potassium carbonate as a weak base and Cu bronze as a catalyst. 

The optimal temperature of this reaction is usually 180 - 220°C. The reaction is also performed 

in an inert atmosphere. However, the obtained yield was only 60 %. Typical side reactions 

accompanying the Ullmann ether condensation are reductive dehalogination, the Ullmann 

coupling process, and in cases where copper salt were used as a catalyst, the exchange of 

halogens between the ary! halide and the copper salt [ 173 ]. Weingarten [ 174 ] had under- 

taken a mechanistic study of the Ullmann condensation. A series of competitive reactions 

between a variety of unactivated aromatic halides were carried out with potassium phenoxide 

in diglyme solvent catalyzed by copper salts. The results of the studies are reproduced in 

Table 11 on page 137. The halogen reactivities are of the order |~ Br > Cl >> F. Itis 

believed that the rate determining step involves carbon-halogen bond cleavage. This study 

also showed that £-bromonaphthalene had higher reactivity than its a-isomer and more than 

double the reactivity of bromobenzene. This information lead to the synthesis of 

4(2-acetoxy-6-naphthoxy) benzoic acid with a nearly quantitative yield by using 

6-methoxy-2-bromonaphthalene and ethyl-4-hydroxybenzoate as the starting materials ( See 

Figure 27 on page 138). The Ullmann ether condensation was performed utilizing the proce- 

dure which was developed by Walker [ 164 ]. It was modified so that the product could be 
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maximized. Anhydrous potassium carbonate was carefully dried and premixed with Cu 

bronze. Thus, the possibility that the Cu bronze would more uniformly catalyze the reaction 

was increased due to its more homogeneous dispersion in the mixture. In addition, toluene 

was used as an azeotropic agent. Water was removed from the reaction through the use of 

a Dean Stark trap. The removal of water retards the hydrolysis of ethyl-4-hydroxybenzoate to 

4-hydroxybenzoic acid which is less reactive. As a result, two products were obtained; 

4(2-methoxy-6-naphthoxy) benzoic acid and its ethylbenzoate derivatives with a ratio of ap- 

proximately 1:4 in favor of the ethylbenzoate derivative. The mixture of ethylbenzoate and 

benzoic acid derivatives was converted to 4(2-hydroxy-6-naphthoxy) benzoic acid (PHNBA) by 

reaction with HBr/acetic acid. PHNBA was then reacted with acetic anhydride in the presence 

of a catalytic amount of sodium acetate to produce the acetate derivative. It should be noted 

that 4(2-acetoxy-6-naphthoxy) benzoic acid could not be prepared from 

4(2-hydroxy-6-naphthoxy) benzoic acid in a manner similar to that of 4(4-acetoxyphenoxy) 

benzoic acid, i.e. via the disodium salt, due to its early precipitation. All the steps of this 

preparation were closely followed by TLC ( See Table 12 on page 139 ). 

The characterization of 4(2-acetoxy-6-naphthoxy) benzoic acid was carried out by an 

elemental analysis, FT-IR, 'H NMR and mass spectroscopy. The elemental analysis confirmed 

PANBA’s chemical composition; Cal.: C = 70.80, H = 4.38, found: C = 70.90, H = 4.43. The 

FT-IR spectrum and the band assignments of the compound are given in Figure 28 on page 

140 and Table 13 on page 141. 

Proton NMR spectrum of PANBA with chemical shift assignments is shown in 

Figure 29 on page 143. The ratio of methyl protons and aromatic protons agrees well with 

the theoretical value. The mass spectrum of 4(2-acetoxy-6-naphthoxy) benzoic acid and the 

assignment of the fragmentation reactions are shown in Figure 30 on page 144 and 

Figure 31 on page 145, respectively. The compound undergoes similar fragmentation to that 

of PAPBA. The molecular ion (M*’ )(1), at m/e 322, is of low relative intensity (9.5 %), indic- 

ative of the great ease of fragmentation. The most stable ion (2), at m/e 280, arises from the 

loss of a neutral molecule (CH,=C=O) from the molecular ion. It is quite common to lose 
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Table 11. Relative rates of the Ullmann ether condensation of a variety of unactivated aromatic 

halides [ 174 ] 

  

8 Relative 
Aromatic halide cates Aromatic halide Refatly © 

  

Or for} Ce | 
CH; < pa 0.78 (7 per 31 

a | 0 s 

CH;0 < pa 1.2 (pss 40 

So ful Or | 
Br 

aK pa 1.9 CoS 93 

-c 2.5 2: 130             
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Figure 27. Synthesis of 4(2-acetoxy-6-naphthoxy) benzoic acid 
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Table 12, Melting points and Rf’s of compounds involving in the process of PANBA 

  

Ry values(TLC) 
  

  

        

Compounds m. p.°C P P-( ) Solvent A [Solvent B 

T 
HO C-OCH; 116 0.40 0.81 

Br 

104 0.71 0.45 
CH,-O 

HO C-OH 216 _ 072 

T 
o-{ )-C-0H oc ns HO 

O O 
Il ll 

CH,-C-0O <p eon 189 “oo 0.95 

T 

LC ef fos CH;-C-O   
  

Solvent A is ethyl acetate and cyclohexane , ratio of 20 : 80 

Solvent B is methanol and water , ratio of 80 : 20 
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Table 13. FT-IR peak frequencies of 4(2-acetoxy-6-naphthoxy) benzoic acid and their assignments 

  

  

Frequency (cm’!) Assignments 

3300 - 2500 Broad O-H_- stretch 

1757 Ester C =O stretch 

1690 Carboxylic C =O stretch 

1640 - 1400 = ring stretch 

1275 - 1200 Asymmetric C-O-C stretch and 
acetate CC(= O)-O stretch     
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OH from a carboxylic compound. Thus, OH is lost from ion (2) to produce ion (3), at m/e 263. 

lon (3), after eliminating carbon monoxide, undergoes structural rearrangement to form ion 

(4), at m/e 235, which has a low relative ion intensity of 2.6 %. By various mechanisms, ion 

(4) can easily form ion (5), at m/e 207, ion (6), at m/e 77, and i (7), at m/e 159, by the loss of 

neutral molecules of CO, CipHsO2 and C,.Hy, respectively. The formation of ion (8), at m/e 178, 

occurs as a result of losing HCO from the ion (5) via skeleton rearrangement mechanism 

which similar to the fragmentation reaction of diphenyl ether [ 171 ]. It is common for an 

aromatic compound to form ion (6) and benzyne ion (9), at m/e 76 [175 ]. A more stable ion 

(10), at m/e 131, is produced through the loss of carbon monoxide by ion (7). lon (10) can then 

either lose HCO to form an odd-electron ion (11), at m/e 102, or lose an oxygen atom to yield 

ion (12), at m/e 115. Again, it is typical for aromatic fragmentation to yield ion (13), at m/e 65. 

4,6 Synthesis and Characterization of polyarylates based 

on 5-tertiary butylisophthalic acid via a melt acidolysis 

This study was undertaken for two purposes, firstly, to synthesize novel polyarylate 

homopolymers having bulky group substituents on the polymer chains which may be used as 

a gas permeable membrane and secondly, to use as a case Study, the melt acidolysis tech- 

nique so that the proper technique can be acquired and used later to synthesize high molec- 

ular weight LCP copolymers and LCP segmented copolymers. It is usually easier to 

characterized with an amorphous polymer than one that is liquid crystalline. It was observed 

that there were four basic requirements necessary for successful melt acidolysis experiments, 

i.e. high vacuum, uniform heat transfer, homogeneous mixing and a system that could prevent 

the monomer from subliming. It was found that the apparatus sketched in Figure 5 on page 

40 to a large extent, met these requirements. To obtain a high vacuum (apart from employing 
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a high vacuum pump) a good sealing system is necessary. A Fisher Scientific high vacuum 

mechanical stirring adaptor was employed for this purpose. The adaptor was used with a 

stainless steel stirrer having U-shaped paddle. The stirrer shaft was partly covered with 

Tygon® tube. The Tygon® elastomer sleeve was attached to an O-ring of the adaptor to 

ensure the maintenance of high vacuum while stirring. As a result, a vacuum of 20 millitorr 

could be obtained with this system. A stirrer with a U-shaped blade is also necessary not only 

because it mixes the reactants well but it allowed the highly viscous polymer to be stirred 

without clinging to the stirrer shaft. This allows the polymer to contact the glass wall at all 

times and consequently, heat uniformly. To obtain uniform heating, in addition to the good 

stirring system, a proper heating system must be employed. A silicone oil bath could not be 

used due to the high temperature requirements of the polymerization. Therefore, a heating 

mantle half-filled with graphite flakes was utilized. Good heat transfer was obtained when 

using graphite flakes because of their good thermal conductivity. 

There are two techniques which can be adopted in order to prevent monomers from 

subliming during the course of the reaction. The first technique involves the use of a two step 

process wherein a low molecular weight oligomer was first prepared by using an excess of 

diacetate. The reactants were heated in a round bottom flask equipped with an air condenser 

which was surrounded with a blanket of heating tape as shown in Figure 4 on page 39. The 

flask was heated at about 250 - 280°C while the condenser temperature was maintained at 

170°C which was above the melting temperature of the diacetate monomer. The resulting 

oligomer was then transferred to the resin kettle shown in Figure 5 on page 40 and further 

polymerized to a high molecular weight polymer. This method is similar to the large scale 

synthesis of polyarylates which is described by Bier [ 18 ]. The process was depicted in 

Figure 32 on page 148. The second technique, a one step process, utilized a small amount 

of acetic anhydride or chlorobenzene as a presolvent. After dimers, trimers, etc. were formed, 

the presolvent was removed by means of a fast nitrogen flow at first , then completed by the 

application of a vacuum. The resulting oligomer was further polymerized to a higher molec- 

ular weight polymer by increasing vacuum and temperature. It should be noted that the first 
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method could not be used for the synthesis of poly{arylene ether ketone)-LCP segmented 

copolymers, as discussed in a later section. 

The synthesis of polyarylates from 5-t-BulPA and diacetates such as bisphenol A 

diacetate was carried out in accordance with the two step procedure. The synthetic steps 

leading to high molecular weight polyarylate formation are shown in Figure 33 on page 149. 

In general, a low molecular weight oligomer was produced in the first step by using 

10 mole % excess of diacetate. Calcium acetate and antimony trioxide were used as melt 

acidolysis catalysts [ 176 ], even though there is admittedly no concrete evidence to support 

catalytic activity of these catalysts. The light yellow oligomer obtained was brittle and could 

easily be removed from the reaction flask. The oligomer was further polymerized in a resin 

kettle to obtain a high molecular weight polymer. For the second step, efficient stirring is 

necessary because of the viscous nature of the bulk polymerization. In this way intimate 

contact between the reactive endgroups can be assured so that high molecular weight 

polymer was attained. This was accomplished by using a high torque overhead stirrer. In 

order to drive the reaction to completion, the acetic acid by-product was removed by means 

of a fast nitrogen stream and by applying a high vacuum to the system. It was experienced 

that removal of the final product from the resin kettle may be sometimes a problem. How- 

ever, the product was found easier to remove from the resin kettle when it was heated at a 

temperature above its glass transition temperature. To increase the molecular weight of the 

polymer even further, the process termed solid state polymerization was utilized [ 177,178 J. 

It is simply the process of heating a sample below its melting point (if crystalline) under a high 

vacuum for a certain period of time, in this case , 20 hours. 

Other polyarylates based on 5-t-BulPA were also synthesized by following the same 

procedure as that of the polyarylate of 5-t-BulPA and bisphenol A diacetate. High molecular 

weight amorphous polyarylates were successfully obtained regardless of the structural vari- 

ation. 

Characterization of this series of polyarylates is summarized in Table 14 on page 

151. Intrinsic viscosity values of these polymers were determined to give a qualitative esti- 
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mation of the polymer molecular weights. Generally, an intrinsic viscosity value of 0.5 dl/g 

indicates a molecular weight on the order of 20,000 to 30,000 g/mole [ 29 ]. It is obvious that 

the solid state polymerization is very effective in increasing the molecular weight of 

polyarylates as can be seen from the values of intrinsic viscosity of the polymers before and 

after they underwent the process. The intrinsic viscosity values of all the final products in- 

crease by a factor of two ( See Table 14 on page 151 ). 

The transesterification reaction, as well as the by-product removal via high vacuum 

contribute to the increase of the molecular weights of the polymers in this process. The solid 

state polymerization also requires a long period of time due to the kinetically slow reaction in 

the solid state. A detailed study of this process was not attempted in this work. However, the 

kinetics of solid state polymerization of poly(ethylene terephthalate) (PET), which is somewhat 

similar, has been investigated at a variety of conditions [ 179 ]. The following equation was 

developed to describe the relationships of time , temperature and final molecular weight for 

PET precursor prepared from specified catalyst and monomer systems. 

_ AE 
<Mn> = <Mn,o> +Ae~ RT W/t 

where <Mn>, <Mn,o> are the final and original number average molecular weight of 

PET. AE is activation energy, A is a frequency factor and t is the solid state polymerization 

time. The equation shows that the <Mn> varies linearly with a square root of time. Wayne 

[ 180 ] carried out the solid state polymerization of PET and found that the rate of ester inter- 

change was a second order reaction with respect to hydroxy group concentration. Chang [ 

181 ] found that the by-product diffusion model can be used to describe the variation of the 

number average molecular weight with time and Chen et al. [ 182 ] concluded that the kinetics 

of solid state polymerization of PET that the process depended on both esterification and ester 

interchange reactions where at a temperature below 200°C, the solid state polymerization is 

an end-group diffusion limited reaction and above 210°C, it is a by-product diffusion limited 

reaction. 
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Table 14. Poltyarylates of 5-t-BulPA and various diacetates 
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DSC studies were conducted to ascertain the effect of different monomers on glass 

transition temperatures of polyarylates based on 5-t-BulPA. Polyarylate of bisphenol A has 

the same Tg as that of t-butylhydroquinone, but higher than that of resorcinol and bisphenol 

T. The latter showed lower Tg’s because of the meta-linkage in resorcinol and the flexible 

sulphur linkage in bisphenol T. The polyarylate of 4,4’-biphenol and 5-t-BulPA showed the 

highest Tg of the series. This is probably due to the rigid structure of the biphenol which can 

restrict molecular motion. Note also that the bulky t-butyl group inhibits crystallization. 

Thermal stability of these polyarylates was reasonably high ( See Figure 34 on page 153). 

In all cases the 5% weight loss occurred at approximate 450°C. As expected, the polyarylates 

of t-butylhydroquinone and bisphenol T are less thermally stable due to the lowered 

thermoxidative stability of the t-butyl group and sulphur linkage. 

The thermal stability of the t-butyl group was checked under the conditions utilized 

during the course of polymerization. Proton NMR spectroscopy was used to analyze one of 

the products, i.e. the polyarylate of resorcinol and 5-t-BulPA. The proton NMR spectrum 

shown in Figure 35 on page 154 confirmed that the t-butyl groups is stable under 

polymerization condition since the ratio of methyl protons to aromatic protons agreed well 

with the calculated value. 

4.7. Synthesis and Characterization of 

poly(oxybenzoate-co-oxyphenoxybenzoate) (POB-POPB) 

LCP copolymers 

As mentioned earlier, poly(oxybenzoate) (POB) homopolymer has a very high melting 

temperature [ 183 ]. The polymer displays a sharp reversible endotherm at about 340°C , 
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however, little or no flow could be detected above this temperature [ 63 ]. Carefully chosen 

compositions of 4-hydroxybenzoic acid and a variety of hydroxy and carboxyl functional 

monomers can be reacted to yield liquid crystalline copolyesters with a wide melting transi- 

tion range [ 61,87,103 J. 

Thus, the synthesis of POB-POPB copolymers was carried out via the one step melt 

acidolysis of 4-acetoxybenzoic acid and 4(4-acetoxyphenoxy) benzoic acid as shown in 

Figure 36 on page 156. The reaction was first run at 200°C for 12 hours under N, atmosphere, 

with a small amount of chlorobenzene added to prevent sublimation. The reaction began as 

a clear solution when both monomers melted and then turned cloudy when the monomers 

formed higher molecular weight species such as dimers, trimers, etc.. These short chain 

molecules which had much better thermal stability than the corresponding monomers were 

also less likely to sublime. After a period of 12 hours, the mixture solidified and most of 

chlorobenzene had been removed by the nitrogen stream. When the temperature was raised, 

the solid intermediate again melted into a turbid solution and a high molecular weight was 

attained as could be observed from the increase of melt viscosity. The solution eventually 

became too viscous to stir. The polymerization was completed in 20 to 30 minutes under 

conditions of high temperature and high vacuum. Very rapid transesterification of certain 

polyesters at high temperature has been observed by Economy [ 184 ]. Solid state 

polymerization was employed to further increase the polymer molecular weight. A series of 

POB-POPB copolymers were synthesized via this method, and their compositions and thermal 

properties are shown in Table 15 on page 157. Figure 37 on page 158 illustrates the melting 

transitions of POB-POPB copolymers. 

The effect on the melting endotherms of the POB-POPB copolymers with various in- 

corporations of 4(4-acetoxyphenoxy) benzoic acid was quite dramatic as can be seen from 

Table 15 on page 157 and Figure 37 on page 158. Incorporation of PAPBA can reduce the 

melting temperature of the poly(oxybenzoate) homopolymer from 610°C [ 61 ] to as low as 

298°C which affords a melt processable copolymer. The lowering of the melting endotherms 

is attributed to the “kinked” nature of the ether linkage in 4(4-acetoxyphenoxy) benzoic acid. 

RESULTS AND DISCUSSION 155



Oo O Oo O 
li I I 

cuco{ \_ C—OH —+- curcot Vo’ \_ Mon 

1. Chlorobenzene 

200 - 230°C, N» atm., stirring for 12 hrs 

2. 290 - 350 °C for 3 hrs, N> atm. 

350 °C for 1 hr, high vacuum 

3. 260 °C for 20 hrs 

High vacuum (20 millitorr) 

HOO 

Figure 36. Synthesis of poly(oxybenzoate-co-oxyphenoxybenzoate) 

RESULTS AND DISCUSSION 156



Table 15. Thermal properties of POB-POPB copolymers 

4H 
  

  

        
  

n* m* Tg °C) Tm (°C) COMMENT 
DSC DSC 

80 20 113 >350 

70 30 116 323 ANNEALED AT 290°C 

65 35 120 299 

60 40 121 298 

55 45 115 307 ANNEALED AT 270°C 

50 50 126 316 

40 60 129 323 

0 100 235 _ Tm > 400°C 

* mole % 
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The effectiveness of lowering the melting endotherms with 4(4-acetoxyphenoxy) benzoic acid 

is analogous to that of 2-acetoxy-6-naphthoic acid as can be seen from a similar system in 

Figure 10 on page 89, where the lowest melting transition corresponds to about 40 mole per- 

cent content of the monomers. 

DSC indicates a glass transition temperature of the copolymer at 122°C and a broad 

melting endotherm from 240°C to 310°C ( See Figure 38 on page 161). However, DSC shows 

only one endothermic peak at 316°C when the sample was annealed at 270°C for 50 minutes. 

The broad melting endotherm is probably due to different size as well as the different com- 

position of crystallites. When the polymer is annealed, its chain sequences can rearrange and 

form more perfect crystals which melt at a higher temperature [ 87,184 ]. Thermogravimetric 

analysis ( TGA ) of the POB-POPB copolymer shows a reasonably high thermal stability, a 5 

% weight loss observed at 456°C ( See Figure 39 on page 162). The large difference between 

the melting temperature and the temperature at which 5 % weight loss occurs should indicate 

that there is a wide processing “window” for this polymer. 

The dynamic mechanical thermal analysis ( DMTA ) trace of a POB-POPB copolymer 

presented in Figure 40 on page 163 illustrates that the POB-POPB ( 50/50 mole % ) copolymer 

showed a complete loss of its storage modulus at 310°C which reflects the melting process 

occurring within the polymer and an a-relaxation peak at 134°C which is attributed to its glass 

transition temperature. The storage modulus curves of POB-POPB copolymers of different 

compositions indicate a common drop in the storage modulus at temperatures above the 

a-relaxation peak. However, it is obvious that the POB-POPB ( 50/50 mole % ) copolymer has 

a lower storage modulus than the POB-POPB (65/35 mole % ) copolymer. The increase of the 

amount of POB in the system, that is, the reduction in the amount of ether linkages, makes the 

molecular chain become more rigid. Therefore, the POB-POPB ( 65/35 mole % ) copolymer 

exhibited higher storage modulus above its Tg than the 50/50 mole % counterpart ( See 

Figure 41 on page 164 ). It is also expected that the storage modulus above the «-relaxation 

peak can be raised further by an increase of the POB content. Nevertheless, only a certain 
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amount of POB should be employed because the more the POB content, the higher the Tm 

and in some cases this may be undesirable. 

The solubility of POB-POPB copolymers in various solvents is shown in Table 16 on 

page 165. The POB-POPB copolymers exhibited an excelient solvent resistance. The samples 

were then examined after soaking 30 days in the solvents. None of the samples showed any 

swelling or weight loss. It should be noted that POB-POPB can be dissolved in 

3,5-di(trifluoromethyl) phenol, however, the chemical is too expensive to be utilized as a sol- 

vent. 

Figure 42 on page 166 shows FT-IR spectrum of the POB-POPB ( 50/50 mole % ) 

copolymer which serves as a fingerprint of the copolymer. The sharp band appears at 1737 

cm-' is assigned to an ester carbonyl and the bands between 1275-1200 cm-' are due to 

asymmetric C-O-C stretch and ester C(C =O)-O stretch which appear in the same region. 

Tensile properties of the POB-POPB ( 50/50 mole % ) copolymer were determined 

by using INSTRON instrument equipped with an extensometer. The test was performed at 

room temperature with unoriented samples of which their dogbone shaped specimens were 

prepared by using a hot press and a1 inch ASTM die, D-3368. By taking the most reproducible 

result, the tensile properties of the POB-POPB ( 50/50 mole % ) copolymer in comparison 

with the Vectra™ copolymer was summarized in Table 17 on page 168 and the representative 

stress-strain curves were reproduced in Figure 43 on page 167. Both tensile modulus and 

tensile strength of POB-POPB (50/50 mole % ) are higher than that of Vectra™. Some local 

orientations existed in the POB-POPB ( 50/50/ mole % ) copolymer may be responsible for a 

higher value of both parameters. 
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Table 16. Solubility characteristics of POB-POPB copolymers 

  

  

  

SWELL OR 
TYPE OF SOLVENTS SOLVENTS WEIGHT LOSS 

1. ORGANIC ACID ACETIC ACID none 

2. POLAR SOLVENT DMAc DMSO none 
NMP DMF 

3. CHLORINATED SOLVENT CHCl, none 

4. PHENOL m-CRESOL 
none 

5. KETONE ACETONE none       
  

CONDITION: Heating at 50°C for 4 days and continue at room temperature for one month 
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Figure 42. FT-IR spectrum of POB-POPB (50/50 mole % ) copolymer 
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Table 17. Tensile properties of unoriented samples of POB-POPB ( 50/50 mole % ) and 

  

  

Vectra™ 

Polymers Tensile modulus Tensile strength % Elongation 

10°3x psi 10°? x psi at break 

POB-POPB 450 19.9 9 
(50/50 mole 9%) 

Vectra’ ™ 431 10.9 10 
A 900             
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4.8 Synthesis and Characterization of polyether-ester 

copolymers of 4(4-acetoxyphenoxy) benzoic acid and 

various A-A and B-B comonomers 

4(4-Acetoxyphenoxy) benzoic acid (PAPBA) can be copolymerized not only with the 

A-B monomer, 4-acetoxybenzoic acid (PABA), but also with A-A and B-B type monomers, in 

order to produce polyether-ester liquid crystalline copolymers. The polyether-ester of PAPBA, 

PABA, TPA and 4,4’-biphenol (called as “modified Xydar”), for example, was polymerized via 

a one step melt acidolysis technique which was similar to that of the POB-POPB copolymer ( 

See Figure 44 on page 170). A major difference was that this polymerization was a heter- 

ogeneous reaction because TPA does not melt under these reaction conditions. The reaction 

began with a low viscosity slurry mixture at 200°C. Again, a small amount of chlorobenzene 

was used as a presolvent to prevent the monomers from subliming. The reaction mixture 

never turned clear at any point during the course of the reaction. However, as the reaction 

was continued at a high temperature ( 340°C ) for a certain period of time, the viscosity of the 

mixture increased , indicating a high molecular weight polymer had been obtained. The 

mixture became too viscous to stir. It was noted that the copolymer exhibited signs of stir 

opalescence which is typical of a nematic mesophase [ 137,185 ]. The product was opaque 

and it showed a high solvent resistance. 

As mentioned earlier, the minimum melting point of the TPA/4,4’-biphenol/ PHBA 

copolyester known as “Xydar™” was reported by Cottis [ 116 ] to be about 388°C. Thus, ad- 

ditional modification was required to Jower the melting transition of the polymer to a range 

which permits easy melt processing of the polymer. The incorporation of ether linkages as a 

“kinked” structure into a polymer backbone by using PAPBA monomer was an approach uti- 

lizing in this work in order to reduce the melting temperature of Xydar™. As can be seen from 
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Table 18 on page 172, only 5 mole % of PAPBA was required to reduce the polymer melting 

temperature from 388°C to 328°C . When 28 mole % of PAPBA was incorporated in the 

copolymer, the melting temperature was reduced even further to 262°C. It is clear in this study 

that the ether linkages effectively reduce the melting temperature of the polymers, but it 

should be realized that PAPBA incorporation should be limited. The reason for this is that not 

only is the polymer melting temperature lowered, but crystallinity is lost also, thereby lowering 

the superior mechanical properties such as high modulus and high strength. In addition to 

the thermal behavior of the polymer, the effect of annealing process on modified Xydar with 

28 mole % PAPBA samples was investigated. Figure 45 on page 173 shows a very broad 

melting endotherm at 280°C before annealing and the melting endotherm almost disappeared 

in a base line as the sample was annealed at 290°C for 50 minutes. Annealing above the 

polymer melting endotherm and following by a slow cool process at 5°C/min caused the 

crystallinity being destroyed and were not sufficient to allow it to recover. However, when the 

sample was annealed at 240°C which was below its melting endotherm, a DSC thermogram 

shows a sharper but lower melting endotherm at 262°C. As the sample was treated at the 

same temperature (240°C) for a longer period of time (2 hrs), the melting endotherm appeared 

not only at a higher temperature but also with a larger endothermic peak indicating an in- 

crease of the degree of crystallinity. A similar behavior has been observed with other 

thermotropic liquid crystalline polymers [ 186,187 ]. 

The dynamic mechanical thermal analysis for Xydar™, Vectra™, Xydar + 5 mole % 

PAPBA and Xydar + 28 mole % PAPBA copolyesters are shown in Figure 46 on page 174 and 

Figure 47 on page 175. The DMTA trace of Xydar™ shows no sign of an « - relaxation peak 

indicating that this copolymer possesses too rigid of a chain to allow any molecular motion 

at low temperature. On the other hand, Vectra™ exhibits an « - relaxation peak at 105°C . In 

fact, it was found that Vectra™ showed three relaxation peaks, a, B and y - relaxations at 

100°C, 50°C and -60°C, respectively, when measured at 10 Hz frequency [ 188 ]. The a - tran- 

sition corresponds to the motion of the naphthalene moiety and the y - relaxation is associated 

with the rotation of the phenyl group. 
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Table 18. Polyether-ester copolyesters of modified Xydar with PAPBA 

DELP DE tT 
  

  

  

Polymer Pe | TC°O) | TCO) comment 
x y z DSC DSC 

1 34 | 33 | 33 122 327 annealed at 270 °C for 50 mins. 

2 24 | 48 | 28 109 262 annealed at 240°C for 50 mins. 

3 25 63 12 ---- 304,329 | annealed at 270°C for 50 mins. 

4 25 | 70 | 5 ---- 328 annealed at 290°C for 50 mins. 

5 33 67 | O ---- 388 Xydar™             
  

x,y andz = mole %, 
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The effect of the ether linkage (which is easy to rotate) on the storage modulus (E’) in 

copolymers containing 4(4-acetoxyphenoxy) benzoic acid is of interest. Indeed, the modified 

Xydar showed a drop in storage modulus above its glass transition temperature. However, 

the loss in the storage modulus can be minimized by using as small amount of the PAPBA 

monomer as possible . In fact, the modified Xydar with 5 mole % PAPBA showed little loss 

in its storage modulus above its « - relaxation peak and even less as compared to that of 

Vectra™. It would be of interest to determine whether compression strenght is improved. 

Other polyether-ester copolymers based on PAPBA and A-A, B-B monomers listed in 

Table 19 on page 178 were synthesized by following the same procedure as that of the mod- 

ified Xydar™. The studies of these polymers were carried out for the purpose of investigating 

the effects of structural variations on the thermal properties and liquid crystalline behavior of 

the corresponding copolymers when ether linkages were incorporated into various structures. 

The parent polymer of the polymer 1 (Table 19 on page 178), poly(chloro-1,4-phenylene 

terephthalate), is a thermotropic nematogenic polymer [ 36.81,189 ]. Although there is a chloro 

substituent on one of the aromatic rings of the repeat unit, the recorded melting temperature 

of this polymer ( 340°C [ 36 ], 372°C [ 189] ) is still somewhat high for successful melt proc- 

essing. By incorporating 50 mole % of PAPBA into the polymer, the melting temperature was 

reduced markedly to 199°C and the copolymer showed a glass transition temperature (Tg) at 

106°C ( See Figure 48 on page 179) which is attributed to the flexible ether linkages. A similar 

thermotropic nematogenic copolymer, poly(chloro-1,4-phenylene 

terephthalate-co-4,4’-oxybisbenzoate) which possesses ether linkages in the backbone has 

been studied. Indeed, it also showed a low Tg at 97°C [ 181]. For polymer 2 (Table 19 on 

page 178), the parent polymer, poly(phenyl-1,4-phenylene terephthalate), prepared from 

terephthalic acid and the diacetate of phenyl hydroquinone, melted at 340°C and was liquid 

crystalline [ 95,103 ]. The modification of poly(phenyl-1,4-phenylene terephthalate) with 50 

mole % PAPBA gave a liquid crystalline copolymer which showed a much lower melting 

temperature of 271°C. The modifications of the copolyesters of the parent polymer with either 
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t-Butylhydroquinone [ 190 ], 4-hydroxybenzoic acid [ 191 ] or hydroquinone [ 82 ] were also 

disclosed in three patents. 

The parent polymer of polymer 3 (Table 19 on page 178), 

poly(1,4-phenylene-2,6-naphthalene dicarboxylate) melts at 580°C and was copolymerized with 

4-hydroxybenzoic acid producing a copolymer with a eutectic point of about 325°C [ 103,192 

]. When it was copolymerized with PAPBA, the resulting copolyester showed an even lower 

melting temperature. The copolyester containing 70 % mole PAPBA exhibited a Tm at 298°C. 

Polymer 4 (Table 19 on page 178) was derived from poly(4,4’-biphenylterephthalate) which 

melted at a high temperature ( above 500°C ). The copolymer exhibited a glass transition 

temperature at 132°C and melting endotherms at 319°C and 385°C ( See Figure 49 on page 

180). Although this copolymer showed a Tm at 319°C, it did not flow even under pressure 

above this temperature. This made it difficult to observe liquid crystalline behavior by hot 

stage optical microscopy. 

In a 1972 Carborundum patent [ 115 ], Cottis, Economy and Nowak disclosed a 

copolymer based on hydroquinone, terephthalic acid and 4-hydroxybenzoic acid. The 

copolymer was able to be compression molded at 482°C. Therefore, it was deemed interest- 

ing to modify this copolymer with 4(4-acetoxyphenoxy) benzoic acid. In fact, the new 

copolymer ( polymer 5 (Table 19 on page 178)) showed a much lower melting temperature of 

327°C ( See Figure 50 on page 181). Moreover, if hydroquinone was replaced with 

4,4’-biphenol, the melting temperature was further reduced by about 30°C ( See Table 18 on 

page 172). The last copolymer synthesized in the series was the copolymer that consists of 

4,4’- thiobiphenol, TPA and PHPBA ( polymer 6 (Table 19 on page 178)). The copolymer 

showed a Tg at 138°C and a Tm at 275°C . The polymer showed no birefringence above its 

melting endotherm indicating a semicrystalline morphology. This may be due to too many 

kinked structures introduced by both the ether and thioether linkages in the polymer back- 

bone. It should be noted that no systematic investigation of the dependance of the transition 

temperature on composition had been carried out for these copolymers. 
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Table 19. Polyether-ester LCP and some of their properties 

  

POLYMER POLYMER REPEATING UNIT Tg(°C) Tm(°C) 
TGA,N, 

5§% wt loss (°C) 
  

    

2) eo G 
a 

ODED OS 
50% MOLE 

4 hig GG 

EADS 
67% MOLE 

oo HAO + oo LOG 
2% MOLE 4% MOLE 

$4 BEG 
67% MOLE   

106 

131 

122 

132 

112 

138   

199, 252 

271 

298 

319, 385 

327 

275   

445 

450 

475 

478 

450 
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Figure 48. DSC thermogram of polyether-ester copolymer of CIHQ, TPA and PAPBA 
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4.9 Synthesis and Characterization of 

poly(oxynaphthoxybenzoate) homopolymer (PONB) and its 

copolymers 

A homopolymer of poly(oxyphenoxybenzoate) was reported to have a high melting 

transition ( 390°C [193], > 400°C [ 194]). The synthesis of this homopolymer was also re- 

peated in this work and its DSC trace showed no melting transition below 400°C. It is of in- 

terest to see if the melting endotherm of the homopolymer can be reduced when a benzene 

ring is replaced by a 2,6-oriented naphthalene ring in the polymer repeating unit. 

Poly(oxyphenoxybenzoate) 

oor Fp 
Poly(oxynaphthoxybenzoate) 

Thus, the novel poly(oxynaphthoxybenzoate) (PONB) was synthesized via the same 

procedure as that of poly(oxybenzoate-co-oxyphenoxybenzoate). The reaction was performed 

without a catalyst and chlorobenzene was used as a presolvent ( See Figure 51 on page 

184). The details of the procedure were discussed earlier. A solid powder was obtained as 

the product and It is believed that the polymer has a low molecular weight, because it 

solidified at 300°C and did not melt when it was heated to 350°C, which was not totally unex- 
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pected. DSC showed a melting endotherm at 371°C but no glass transition temperature ( See 

Figure 52 on page 185 ) was observed, indicating a high degree of crystallinity. However, 

DSC revealed that poly{oxynaphthoxybenzoate) had a lower melting endotherm than 

poly(oxyphenoxybenzoate) due to the effect of the “crankshaft” structure of the 2,6-oriented 

naphthalene ring. The effectiveness of 2,6-oriented naphthalene monomers in reduction of 

melting temperature has been observed in several copolymers [| 103 ]. The liquid crystalline 

behavior of the homopolymer could not be confirmed by hot stage optical microscopy because 

of its high melting temperature being very near to its thermal degradation temperature. TGA 

data show a5 % weight loss of 425°C under Nz atmosphere ( See Figure 53 on page 186 ). 

The copolyester of poly(oxybenzoate-co-oxynaphthoxybenzoate) (POB - PONB) was 

synthesized from 4-acetoxybenzoic acid and 4(2-acetoxy-6-naphthoxy) benzoic acid (PANBA) 

to lower the melting temperature of PONB. The synthetic steps leading to the copolymer for- 

mation are shown in Figure 54 on page 187, which is similar to that of the POB - POPB 

copolymer. Table 20 on page 188 and Figure 55 on page 189 illustrate the effect of compo- 

sitional variation on the melting endotherms of the copolymers. The eutectic point appeared 

at 321°C which corresponds to about 40 mole % of PONB content. The thermal stability of 

this copolymer is higher than that of its parent PONB homopolymer ( See Figure 53 on page 

186). DMTA trace of the POB-PONB ( 60/40 mole % ) copolymer shows a very similar 

characteristic to that of the POB-POPB copolymer. However, its a - relaxation peak appears 

at somewhat higher temperature of 150°C { See Figure 56 on page 190 ). The naphthalene 

moiety obviously contributes to the higher glass transition temperature. 

In addition to the formation of the copolymer with 4-acetoxybenzoic acid, PANBA was 

also used to modify the Xydar™ copolymer structure. The aim of the work here is to investi- 

gate the effectiveness of PANBA on the reduction of Xydar™ melting temperature as com- 

pared to PAPBA. The synthesis of modified Xydar containing PANBA was carried out 

following the same procedure as those of modified Xydar containing PAPBA. Table 21 on 

page 191 and Figure 57 on page 192 show the characteristics of the copolymers. Indeed, 

there is no doubt about the effectiveness of the PANBA monomer in lowering the melting 
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Figure 53. TGA thermogram of poly(oxynaphthoxybenzoate) and its copolymers 
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Characteristics of POB-PONB copolymers 

  

Compositions 

  

  

Tg(°C) Tm(°C) 
Polymers PHBA/PHNBA 

(molar ratio) DSC DSC 

PONB 0/100 we 371 

POB-PONB 50/50 142 324 

POB-PONB 60/40 138 321 

POB-PONB 75/25 --- 327 

POB 100/0 see >500         
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Table 21. Thermal behavior of modified Xydar containing PAPBA or PANBA copolymers 

  

5 % wt loss(°C) 

  

    
Ly       

Polymers Comment 

DSC TGA, N> atm 

Xydar'™ 388 NA Ref. 116 

Modified Xydar with 5 mole % PAPBA 328 480 annealed at 290°C 

Modified Xydar with 12 mole % PAPBA 304 475 annealed at 270°C 

Modified Xydar with 5 mole % PANBA 345 480 annealed at 290°C 

Modified Xydar with 12 mloe % PANBA | 263,314 478 annealed at 240°C 

  

NA = not available 
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temperature of the copolymer. When 12 mole % of PANBA was incorporated in the modified 

Xydar copolymer, the copolymer exhibited the first melting endotherm at 263°C, which was 

125°C less than the parent polymer; this compares to an 84°C lowering of Tm when PAPBA 

was used. TGA thermogram of modified Xydar containing 12 mole % PANBA is shown in 

Figure 53 on page 186. The thermal stability of this copolymer is better than PONB 

homopolymer and the 5 % weight loss occurs at approximately 470°C. Thus, the copolymer 

was easily obtained as a high molecular weight material and it was also easily compression 

molded. The dynamic mechanical thermal analysis of modified Xydar containing PANBA is 

illustrated in Figure 58 on page 193. It shows an « - relaxation from the tan 6 versus tem- 

perature plot at 115°C which corresponds to the glass transition temperatures of the 

copolymers. These storage modulus - temperature curves reveal similar information to that 

of the POB-POPB copolymer or modified Xydar containing PAPBA copolymer in that the higher 

the POB content in the polymers, the higher the retention of storage modulus can be above 

their glass transition temperatures. This effect was most probably caused by the high 

crystallinity introduced by 4-acetoxybenzoic acid monomer. 

4,10 Hot stage optical microscopy studies of 

polyether-ester copolymers 

The polarizing microscope has been used to study crystalline materials and the 

semicrystalline texture of bulk polymers since the very earliest days of polymer science [195]. 

An ordered material can give rise to marked optical anisotropy, with the refractive index being 

a function of direction in the material. In contrast, a totally disordered polymer might be ex- 

pected to be isotropic. If the size of any ordered regions is within the resolution range, they 

will appear ” birefringent ” or ” doubly refracting ” when examined under the polarizing mi- 
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croscope. The polarizing microscope is basically a standard instrument fitted with a pair of 

polarizing filters, one above and one below the specimen. If the two polarizer are in the ” 

crossed ” position, then no light will pass through the microscope in the absence of a speci- 

men, or ifthe specimen is isotropic. Inserting a double refracting specimen gives rise to beam 

splitting and interference phenomena which allow light to pass through the instrument. Such 

specimens will then appear bright, even colored against the dark background. Therefore, the 

polarizing microscope can be used in a qualitative way to image ordered regions in polymer 

specimens if the molecule is optically anisotropic. 

Thermotropic liquid crystalline polymers have been studied with the polarizing mi- 

croscope by several workers [ 88,131,196-199 ]|. Some of the work is reproduced here so that 

they can be used in comparison with that of the present studies. Alderman and Mackley [ 199 

] reported optical observations on a number of main-chain nematic thermotropic liquid crys- 

talline polymers. Their optical observations suggested that there were indeed strong con- 

nections between nematic small molecule liquid crystals and thermotropic liquid crystalline 

polymers. For static, unsheared, nematic small molecular liquid crystals, there was evidence 

to support the view for the existence of line defects which corresponded closely to Frank’s [ 

200 ] two-dimensional theoretical classification of disclinations [ 201,202 J]. Recently, Nicholson 

[ 204 ] was able to develop a computer simulation based on the aggregate model which could 

be applied to the structure surrounding disclinations as shown in Figure 59 on page 196. 

Figure 60 on page 197 and Figure 61 on page 188 shows the micrographs of polymer A and 

X7G which were reproduced from Reference 199. 

The structure of polymer A and X7G are shown below. 

TAD prose)! LH. aa@sne 

Polymer A 
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Figure 59. (a) Optical micrographs of a group of four disclinations in MBBA (b) Corresponding 

simulator output.: The angles indicate the polarizer orientation measured in an anti- 
clockwise direction from horizontal. MBBA is 4-methoxybenzylidene-4-n-butylaniline 
[ 204 ] 
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Figure 60. Micrographs of polymer A: T = 230°C, horizontal field view 3504um. Sample thick- 

ness d given for each photograph, crossed polar orientation shown in each photo- 

graph by orientation of cross wires. (a) Crossed polars, d = 2.1 ,«m (b) polarizer only, 

d = 2.1 um (c} crossed polars, d = 7.9 um (d) polarizer only, d = 7.9 xm (e) crossed 

polars, d = 15.0 um (f) polarizer only, d = 15.0 pm [ 199 ] 
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Plate 3. Plate 4. 

  
Figure 61. Micrographs of polymer A and X7G: horizontal field of view 350 um, sample thickness 

d, orientation of crossed polars indicated by orientation of crossed wires. Polymer A, 
Plate 3, crossed polars and (a) d = 1.2 um, T = 280°C (b) d = 6.0 um, T = 280°C (c) 
d = 6.0 wm, T = 240°C ; Polymer X7G, Plate 4, crossed polars, d = 4.00 and (a) T = 
350°C (b) T = 280°C (c) T = 220°C [ 199 ] 
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Polymer X7G 

The purpose of their experiments was to investigate the effect of sample thickness, 

molecular weight and temperature on the LCP texture when observed by a polarized micro- 

scone. Birefringence with local scattering from line defects, believed to be disclinations is 

clearly shown in Figure 60 on page 197, Plates 2(a) and 2(b). When the sample thickness is 

increased as shown in Plates 2(c) and 2(d), the disclinations density increases. With a further 

increase in sample thickness shown in Plates 2(e) and 2(f}. a texture dominated by light scat- 

tering due to the presence of dense disclinations was observed. The effect of increasing 

molecular weight is clearly shown in Figure 61 on page 198, Plate 3. In order to observe in- 

dividual disclinations, it is necessary to increase the temperature to 280°C and have a sample 

thickness of about 1 um as shown in Plate 3(a). With a thicker sample or lower temperature, 

the dense disclination texture occurs as shown in Plates 3{d) and 3{c) which makes the iden- 

tification of the texture difficult. A similar effect due to the increase of polymer molecular 

weight was observed by Economy [ 88 ] as shown in Figure 62 on page 200. 

The effect of temperature on texture is clearly shown in Figure 61 on page 198, Plate 

4 for polymer X7G. At a temperature of 350°C, which is close to the materials anisotropic- 

isotropic transition, individual disclination lines can be seen. However, if the temperature is 

reduced to 280°C, the number of disclinations increase as shown in Plate 4(b). A further re- 

duction in temperature to 220°C results in the progressive appearance of the dense 

disclination texture where the birefringence becomes obscured by the intense scattering (See 

Plate 4(c)). 

A similar effect in terms of disclination density was observed in the present study. 

Vectra™, a nematic liquid crystalline polymer, for example, is shown in Figure 63 on page 

202. The sample was prepared by pressing the high molecular weight polymer between 
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AROMATIC POLYESTERS OF p-HBA 

  
Figure 62. Nematic textures of sheared specimens of poly(oxybenzoate) with a) a DP of 13 b) a 

DP of 39: [ 88 ] 
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coverslides at 360°C under nitrogen atmosphere and then quenched on a cold metal plate. 

The polymer showed a dense disclination texture when it was viewed througn a polarized 

microscope at room temperature. There was not much change in the texture when heated 

up to 350°C, which was above the polymer melting transition. This was attributed to the 

thickness of the sample, which many times was difficult to press to much thinner thicknesses. 

The same was true for poly(oxybenzoate-co-oxyphenoxybenzoate) ( See Figure 64 on page 

203) in that it was rather difficult to obtain a clear view of a nematic texture for this polymer. 

Similar textures were commonly observed for different polymers elsewhere [ 205 ]. Polymer 

1 ( Table 19 on page 178 ), however, showed a clearer view of the texture of the nematic 

phase, since the polymer was more easily made to flow due to its much lower meliing tran- 

sition ( See Figure 65 on page 204). Polymer 2 ( Table 19 on page 178 ) shows birefringence 

with less intense bright regions above its melting endotherm and it remains unchanged at 

even higher temperature. This phenomena is indicative of a liquid crystalline forming with 

possibly a lesser number of ordered regions occurring ( See Figure 66 on page 205). Micro- 

graphs of polymer 3 ( Table 19 on page 178 ) are shown in Figure 67 on page 205. This 

polymer showed a dense disclination texture similar to that of Vectra™. 

Hot stage optical-microscopy studies of modified Xydar with PANBA was also per- 

formed in a similar manner. The micrographs shown in Figure 68 on page 207 revealed the 

liquid crystalline behavior of this modified form of Xydar™. A dense disclination texture ( or 

a tight texture ) was observed and little change was obtained when heated above the sample 

melting temperature for 10 minutes. The sample was prepared by smearing a small amount 

of specimen between coverslides at 350°C under nitrogen atmosphere and then quenched on 

a cold metal plate. As a result, the nematic texture was retained as what is called a nematic 

glass. Due to its high molecular weight, a dramatic change in the texture when the sample 

was heated was not expected. Similar to what has been observed for other polymers [ 202 }, 

a more noticeable change would most likely occur if the samples were allowed to relax over 

a longer period of time. 
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Figure 63. Micrographs of Vectra™: a) at room temperature b) at 360°C 

RESULTS AND DISCUSSION 202



a) 

  
be 5 | 

<— ea   

100 um 

Figure 64. Micrographs of POB-POPB (50/50 molar ratio) copolymer: a) at room temperature b) 
at 320°C 
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Figure 65. Micrographs of CIHQ/TPA/PHPBA copolymer: a) at room temperature b) at 360°C 
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Figure 66. Micrographs of PhHQ/TPA/PAPBA copolymer: a) at room temperature b) at 330°C 
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Figure 67. Micrographs of HQ/2,6-NDA/PHPBA copolymer: a) at room temperature b) at 330°C 
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100 um 
Figure 68. Micrographs of modified Xydar containing 12 mole % PANBA copolymer: a) at room 

temperature b) at 380°C 
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The nematic textures of low mojecular weight polymers ( <Mn> =2000 g/mole ) of 

POB-POPB, POB-PONB and modified Xydar containing 28 mole % PAPBA was also investi- 

gated. Unfortunately, the micrographs of POB-POPB and POB-PONB obtained were slightly 

out off focus ( See Figure 69 on page 209). It was observed that these two polymers did not 

flow easily even at such low molecular weights, as a result, only thick opaque films could be 

prepared. Economy [ 87 ] experienced the same difficulty with poly(oxybenzoate) when the 

polymer became intractable. However, excellent micrographs of the nematic texture of low 

molecular weight modified Xydar containing 28 mole % PAPBA were attained. It was noted 

that this polymer melt-flowed easily when heated above its melting transitions in contrast to 

the afore-mentioned polymers. In this case, individual disclination lines and loops were easily 

seen. The dramatic change in the nematic texture was noticeable when the sample was 

heated further ( See Figure 70 on page 210). In comparing the micrographs of Figure 70 on 

page 210 and Figure 71 on page 211 the effect of the increase in molecular weight on the ap- 

pearance of the nematic texture, when observed under a polarized microscope is very clearly 

demonstrated. These results are consistent with the observations of Alderman and Mackley 

[ 199 ]. 

One of the distinct features of high molecular weight liquid crystalline polymers is the 

appearance of the banded structures from drawn fibers or shear-oriented thin films when ob- 

served by a polarized optical microscope or transmission electron microscope [ 202,203,206 

]. Nevertheless, the banded structure of low molecular weight liquid crystalline materials are 

not stable and relax within several seconds after formation [ 202 ]. The banded structures 

appear as a series of equidistant bands or striations form perpendicular to the shear direction. 

Figure 72 on page 213, which was reproduced from Reference 203, iliustrates the nature of the 

birefringence of the texture of the banded structure in comparison with a tight structure ( also 

called schlieren [ 210 ] or worm texture [ 202 ]) of the polymer prepared from 4-hydroxybenzoic 

acid and 6-hydroxy-2-naphthoic acid. It was observed that in between striations, the materials 

extinguished light with crossed polars aligned parallel and perpendicular to the striations 

lengths ( crossed polars aligned at 0° and 90° ). With the crossed polars at 45° to their lengths 
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Figure 69. Micrographs of low molecular weight ( <Mn>= 2000 g/mole ) of a) POB-POPB and 
b) POB-PONB: at 350°C. 

RESULTS AND DISCUSSION 209



  
crossed polars 

100 im 

Figure 70. Micrographs of low molecular weight of modified Xydar containing 28 mole % 
PAPBA: a) at room temperature b) at 330°C 
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Figure 71. Micrographs of high molecular weight of modified Xydar containing 12 mole % 
PAPBA: a) at room temperature b) at 380°C 
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these areas became bright [ 202 ]. Donald, Viney and Windle [ 206 ] have also reported these 

similar banded structures in quenched thin films of four thermotropic LCP copolymers. The 

banded structures of thermotropic polyesters resembles those reported in lyotropic polymers 

[ 207,208 ], suggesting that it is a feature characteristic of oriented liquid crystalline polymers 

in general. For Kevlar™, a pleated sheet structure has been proposed [ 207 ] in which the 

molecules are aligned at alternating angle of +5° to the draw direction. For the thermotropic 

LCPs, Vectra™ and X7G, a sinusoidal structure has been suggested [ 209,210 J. 

In the present study, the banded structures were also observed for the polymers which 

underwent unidirectional shear deformation. It was noted that the banded textures could 

readily be observed from samples of polymers with high molecular weight and low melting 

transitions. This can be explained by the fact that the low melting transition and high molec- 

ular weight polymers are easily oriented and give stable nematic phases. Figure 73 on page 

214 and Figure 74 on page 215 show the banded structures of polymer 1 ( See Table 19 on 

page 178 ) and modified Xydar containing 28 mole % PAPBA, respectively. The banded tex- 

tures are similar to the texture exhibited by PHBA/HNA copolymer shown in Figure 72 on 

page 213. 

4.11 Synthesis and Characterization of Carboxyl 

terminated poly(arylene ether ketone) oligomers 

(PEKCOOH) 

One of the objectives of this dissertation research was to synthesize a segmented 

copolymer by incorporating an amorphous engineering thermoplastic polymer into a liquid 

crystalline polymer. An amorphous poly(arylene ether ketone) was suitable candidate for this 
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Figure 72. Micrographs of two different textures of PHBA/HNA copolymer: a) a banded texture 
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Figure 73. Banded structures of CIHQ/TPA/PHPBA copolymer: polymer 1 (Table 19 on page 
178) a) at room temperature b) at 360°C 
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Figure 74. Banded structures of modified Xydar containing 28 mole % PAPBA: a) at room tem- 

perature b) at 360°C 
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purpose since it has several desirable properties such as a good thermal stability, ductility 

and resistance to aqueous acids and bases. From previous studies done by Lambert [ 29 ] 

on a similar subject, it was found that hydroxy terminated poly(arylene ether sulfone) 

oligomers could be employed to attain high molecular weight poly(arylene ether 

sulfone)-poly(4,4’-biphenol terephthalate) segmented copolymers via solution or interfacial 

polymerization but with less than 10 weight percent of the polyarylate LCP being incorporated. 

The major limitation of these types of polymerizations was the early precipitation of the seg- 

mented copolymer when the molecular weight of biphenolterephthalate segment incorporated 

into the copolymer was increased. 

Melt acidolysis was therefore employed in order to synthesize a segmented 

copolymer with high ( > 25 weight percent ) polyester content. This technique should over- 

come the solubility problem because the synthesis was conducted in the molten state with no 

solvent. However, utilizing the melt acidolysis technique for synthesizing poly(arylene ether 

sulfone)-polyarylate segmented copolymer via hydroxy terminated poly(arylene ether sulfone) 

oligomers also seems to have its difficulties. The problems, which have been pointed out 

previously, concerns the heterogeneous nature of the reaction and terephthalic acid 

sublimation. The synthesis of the segmented copolymers by using carboxyl terminated 

poly(arylene ether) oligomers offers an alternative route which may make it possible to over- 

come these limitations; in this way a segmented copolymer of high weight percent incorpo- 

ration of LCP could possibly be obtained. A detailed discussion of the subject will be 

presented later. Therefore, an attempt to prepare carboxyl terminated poly(arylene ether 

ketone) oligomers was undertaken. 

Carboxyi terminated poly(arylene ether ketone) oligomers were synthesized by an 

aromatic nucleophilic substitution reaction as illustrated in Figure 75 on page 218. In order 

to produce the carboxyl terminated PEK oligomers of controlled molecular weights, 

4-hydroxybenzoic acid (PHBA) was used as the monofunctional endblocker. The carboxylic 

group was found not to interfere with this type of reaction. It was also noted that the solubility 

of the potassium salt of PHBA in DMSO was much greater than that in NMP or DMAc. 
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Therefore, DMSO was chosen as a solvent for the carboxyl terminated PSF oligomers [ 29 ]. 

However, that was not the case for PEKCOOH oligomers of molecular weight above 5000 

g/mole. There were some difficulties concerning solute-solvent solubilities. As can be seen 

from Table 22 on page 219, the oligomers which were prepared in DMSO tended to precipitate 

prematurely. Consequently, a product with a molecular weight lower than the predicted value 

was obtained. In DMAc, however, the resultant oligomer had a higher molecular weight than 

what was expected. This is due to the fact that the PHBA sait had poor solubility in this solvent 

and did not fully function as an endblocker [ 211 ]. It was found that the solvent mixture of 

DMSO and DMAc, ~ 2:1 ratio, was necessary to obtain PEKCOOH oligomers of the predicted 

molecular weight. 

It is important to point out some of the difficulties that were encountered during the 

preparation of the PEKCOOH oligomers. The reaction mixture containing the oligomers, which 

were in the form of the dipotassium salt, tended to coagulate if the reaction temperature was 

reduced below 100°C. A normal “work-up” procedure for poly(arylene ether ketone)s [ 212 ] 

could not be adopted. In stead, the hot solution ( about 120°C ), after discarding the inorganic 

salts, was directly and slowly poured into an acidic methanol/water ( 70/30 by volume ) sol- 

ution containing 1M HCI in a Waring blender. After this step, the oligomers were dried 

properly in vacuum oven at 120°C for 12 hours and then redissolved in DMAc. The solution 

was again acidified so that the oligomer could be fully recovered as the free acid after pre- 

cipitation into methanol/water. 

The nucleophilic aromatic substitution process involves the reaction of an activated 

halide, difluorobenzophenone, with potassium phenoxide such as the potassium salt of 

bisphenol A as shown in Figure 75 on page 218. The type as well as the amount of base uti- 

lized in the reaction was critical. It is recommended not to employ a strong base, such as 

aqueous NaOH, for the reaction. The presence of a slight excess of the base can hydrolyze 

the activated halide and also possibly cleave the ether linkages of the oligomer at high tem- 

peratures. In contrast, however, the use of a slight deficiency of base gives rise to the prob- 

lem of unreacted phenol group forming strong hydrogen bonds with the phenates thereby, 
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Figure 75. Synthesis of carboxyl terminated poly(arylene ether ketone) oligomers 
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Table 22. Characteristics of carboxyl terminated poly(arylene ether ketone) oligomers 

  

  

            

CHC ° 
S I Sol Theoretical <Mn> <Mn> (g/mole) [n lasec ; Tec) 

amr olvent (g/mole) Tiration DSC 
(dl/g) 

1 DMSO 15000 10000 0.28 142 

2 DMAc 5000 14500 0.30 142 

3 DMSO/DMAc 3000 3600 0.18 136 

(2:1) 

4 DMSO/DMAc 5000 5700 0.23 140 

(2:1) 

5 DMSO/DMAc 8000 7300 0.26 147 
(2:1) 

6 DMSO/DMAc 10000 9700 0.35 147 

(2:1)   
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reducing its reactivity to a great extent. A modified procedure using a weak base, such as 

anhydrous potassium carbonate, has been suggested [ 212,213 ]. 

The reaction mechanism is believed to take place in a two step process [ 212,214 ]. 

The first step, the rate determining step, involves the attack of phenoxide ion on the aromatic 

carbon next to the halogen atom forming a stable intermediate ( See Figure 76 on page 221). 

The activated complex is stabilized by the strong electron withdrawing group, fluoro group as 

well as by the electron delocalization through carbonyl group. The second step is the for- 

mation of a stable poly(arylene ether ketone) product by elimination of a fluorine atom from 

the intermediate. The nature of the halogen also affects the rate of the reaction. The order 

of reactivity of the halide is F > > Cl > Br > |. Thus, difluorobenzophenone is far more re- 

active than dichlorobenzophenone. 

The carboxyl terminated poly(arylene ether ketone) oligomers were characterized by 

end group analysis to determine the number average molecular weight. This was performed 

by titrating the oligomer in NMP with an alcoholic solution of tetramethyl ammonium hydroxide 

[ 29 ]. The results are tabulated in Table 22 on page 219 including the theoretically expected 

molecular weight. Some explanation of this data has been given earlier. From the table, an 

increase in the glass transition temperatures of the oligomers with an increase in the intrinsic 

viscosity, that is, the increase of the number average molecular weight ( <Mn> ) of the 

oligomers was noticeable. The glass transition temperature should start to level off at a cer- 

tain value of <Mn> according to the equation : 

K 
Ta = Tg" — <Mu> 

where Tg~@ is the glass transition temperature of an infinitely long polymer chain and K is a 

constant that depends on the polymer [ 215 J]. Nevertheless, the present study does not at- 

tempt to investigate this aspect. 

The structural analysis of the oligomers was conducted by using FT-IR and proton 

NMR. The presence of the carboxylic acid groups was confirmed by the appearance of the 
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Figure 76. Mechanism of the nucleophilic aromatic substitution reaction of DFBP and Bisphenol 
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bands at 1730 cm-' and 1689 cm~', however, the bands are weak due to the small amount of 

carboxylic acid group present in the oligomer, (See Figure 77 on page 223 and Table 23 on 

page 224 ). The existence of a doublet attributed to the carboxyl stretching frequencies of the 

carboxylic end groups was observed previously for a carboxyl terminated poly(arylene ether 

sulfone) oligomer. This doublet may be due to the partial dimerization of the carboxyl end 

group since the C=O group in a dimerized carboxylic compound appears at lower frequency 

than that of a free acid [ 175 ]. 

The structure of the carboxyl terminated PEK oligomer was confirmed by a proton 

NMR spectrum as shown in Figure 78 on page 225. The chemical shift assignments are also 

included. !t does, indeed, agree with the proposed structure. The molecular weight of this 

oligomer, as estimated from the proton NMR spectrum, was 5900 g/mole which was close to 

the titrated molecular weight, 5700 g/mole. 

In order to employ this oligomer in a high temperature post reaction, the oligomer 

should have high thermal stability. In fact, thermogravimetric analysis (TGA) reveals the high 

thermal stability of the oligomers by showing that they can withstand temperatures up to 

456°C (5 % weight loss at 510°C ) ( See Figure 79 on page 226). 

4.12 Synthesis and Characterization of PEK - Bisphenol 

A chain extended copolymers 

One useful approach to test the reactivity and stability of functionalized oligomers is 

to synthesize a chain extended polymer from the oligomers. This also indirectly proved that 

the oligomers were fully endcapped [ 63,216 ].. The chain extension reaction of carboxyl ter- 

minated poly(arylene ether ketone) oligomers and bisphenol A diacetate via melt acidolysis 

is shown in Figure 80 on page 228. Table 24 on page 229 shows the glass transition tem- 
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Table 23. FT-IR peak frequencies of carboxyl terminated poly(arylene ether ketone) oligomer of 

< Mn > 5700 g/mole and their assignments 

  

Frequency (cm’!) Assignments 

  

3100 - 3000 

2000 - 1750 

1730, 1689 

1657 

1600 - 1470 

1250 - 1240 

800 - 700   

Aromatic C-H © stretch 

Overtone or combination bands 

Carboxylic C =O stretch 

Ketone C =O stretch 

— ring stretch 

Asymmetric C-O-C stretch 

Out of plane = C - H_ bending 
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peratures and intrinsic viscosities of the PEK - Bisphenol A chain extended copolymer in 

comparison with the corresponding PEKCOOH oligomer. Both values of the intrinsic viscosity 

and Tg of the PEK - Bisphenol A chain extended copolymer are higher. Thus, the PEKCOOH 

oligomers were fully endcapped and capable of undergoing post reactions. 

FT-IR was used in order to confirm the existence of ester linkages in the chain ex- 

tended copolymers. Figure 81 on page 230 shows the FT-IR spectra of carboxyl terminated 

poly(arylene ether ketone) oligomer of < Mn > 5700 g/mole and its chain extended 

copolymer. It is obvious that the double peaks attributed to the carbony! of the carboxylic end 

groups at 1730 cm-' and 1689 cm- in (a) disappear after undergoing a chain extension re- 

action ; additionally, a carboxyl stretching band at 1737 cm-' which is due to an aromatic 

polyester linkage in (b) appears. This evidence again supports the reactivity and 

difunctionality of the oligomers. 

4.13 Synthesis and Characterization of 

PEK-poly(m-oxybenzoate) (PEK-mPOB) containing 40 wt 

% of PEK 

As mentioned earlier, carboxyl terminated poly(arylene ether ketone) oligomers were 

prepared for the synthesis of PEK-LCP segmented copolymers via melt acidolysis. It was ex- 

perienced that it was much easier to work with an amorphous system than a semicrystalline 

or liquid crystalline system. Therefore, the melt acidolysis of the amorphous segmented 

copolymer of PEK-poly(m-oxybenzoate) prepared from a PEKCOOH oligomer and an A-B 

monomer of 3-hydroxybenzoic acid was chosen as a case study so as to set up a proper 

technique in handling this type of reaction. The reaction was carried out by a method similar 
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Figure 80. Synthesis of PEK - Bisphenol A chain extended copolymer 
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Table 24. Comparison of Tg and intrinsic viscosity of PEKCOOH and its chain extended copolymer 

Hb OE tL 
  

  

      

CHa, 

POLYMER [8 Jasac TgCC) (dl/g) DSC 

PEK-COOH 0.23 140 
<Mn> 5700 g/mole 

PEK-BIS A EXTENDED 0.74 153     
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to that of the PEK-Bisphenol A chain extended copolymer ( See Figure 82 on page 232 ). 

4,4’-Biphenol diacetate was used as a chain extender and chlorobenzene as a presolvent. 

The reaction mixture appeared as a homogeneous solution. Throughout the course of the 

reaction, the viscosity of the solution increased steadily. 

Table 25 on page 233 shows the increase in the intrinsic viscosity, as well as the Tg, 

of PEK-mPOB when compared to its corresponding oligomer. The PEK-mPOB segmented 

copolymer exhibited only one Tg which indicated that the PEK and poly(m-oxybenzoate) seg- 

ment were probably miscible ( See Figure 83 on page 234 ). it was still not clear that the 

segments were miscible because the glass transition temperatures of the two polymers are 

very close, Nevertheless, the more obvious evidence which supports the miscibility of the PEK 

segments and the amorphous polyarylate segments will be presented in the next section. 

Figure 84 on page 235 illustrates GPC chromatograms which indicated the increase of mo- 

lecular weight of the PEK-mPOB copolymer over the corresponding PEKCOOH oligomer of 

<Mn> 5100 g/mole. 

4.14 Synthesis and Characterization of the 

PEK-polyarylate of 5-t-BulPA and Bisphenol A diacetate 

This study was undertaken for the same purpose as that of the PEK-mPOB study, i.e. 

to establish a proper melt acidolysis technique for synthesizing amorphous segmented 

copolymers. Additionally, the concerns of employing different types of monomers was ad- 

dressed. Thus, the A-B monomer was replaced by A-A and B-B monomers ( See Figure 85 

on page 237). The melt acidolysis technique employed was, to some extent, different from 

the technique of preparing the PEK-mPOB segmented copolymer. A heterogeneous reaction 

mixture formed because 5-t-BulPA was neither dissolved in chlorobenzene nor melted. The 
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2. 290- 330°C , stirring 

High vacuum 

O O 
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Figure 82, Synthesis of PEK-mPOB segmented copolymer 
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Table 25. Comparison of intrinsic viscosity and Tg of PEKCOOH <Mn> 5100 g/mole, PEK-mPOB 

  

  

and mPOB 

CHCl, 
° Tg@C) Polymer Reaction [n Josec DSC 

(d1/g) 

PEKCOOH Solution 0.22 140 

<Mn>5100 g/mole 

PEK- mPOB Melt acidolysis 0.72 144 

mPOB Bulk b 155° 

condensation®           
  

a) Bulk condensation of 3-trimethylsiloxybenzoyl chloride 

b) <Mn> of 10000 - 13000 g/mole 
c) Ref. 220 
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Solvent : THF 

Columns : Styrogel PEKCOOH<5100 g/mole> 

Temp —_: room temp 
Detector : UV 218 nm 
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Elution volume (ml) 

Figure 84. GPC chromatograms of PEKCOOH <Mn> 5100 g/mole and PEK-mPOB 
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problems encountered with this reaction were the slow incorporation of 5-t-BulPA into the 

polymer chains due to the heterogeneous nature of the reaction and the sublimation of the 

monomer. To overcome these difficulties, a long period of time for the reaction to proceed, 

at a temperature below 260°C, was needed. After 5-t-BulPA reacted and the reaction mixture 

turned clear, the temperature was then raised so that a high molecular weight segmented 

copolymer could be obtained. It was noted that, technically, the synthesis of the 

PEK-polyarylate of 5-t-BulPA and Bisphenol A diacetate could not be carried out by the same 

procedure as that of the parent polyarylate, i.e. the two step process, which was discussed 

earlier. Without the presovent, chlorobenzene, PEKCOOH tended to separate from the mixture 

and failed to react. 

A series of segmented copolymers were synthesized and are summarized in 

Table 26 on page 238 including their Tg’s and intrinsic viscosities. Table 26 on page 238 

shows that PEK-polyarylate copolymers of high molecular weight were successfully synthe- 

sized as indicated by the increase of intrinsic viscosities of the segmented copolymers over 

that of the corresponding PEKCOOH oligomers. Furthermore, the glass transition temper- 

atures of the PEK-polyarylate segmented copolymers increased with respect to the weight 

percent of the polyarylate content. Interestingly, the DSC scan of the PEK-polyarylate ( 40 

weight % of polyarylate ) shown in Figure 86 on page 239 confirmed that this segmented 

copolymer exhibited only one Tg. It can be inferred that the poly(aryiene ether ketone) seg- 

ments and amorphous polyarylate segments were miscible. 

By incorporating PEK segments into the amorphous polyarylate, a significant im- 

provement in thermal stability of the segmented copolymers can be clearly seen from their 

TGA thermograms ( See Figure 87 on page 240 ). The thermal stability increased with in- 

creasing PEK content. Figure 88 on page 241 shows the FT-IR fingerprint of the 

PEK-polyarylate segmented copolymer. A strong band at 1737 cm~' can be assigned to ester 

carbonyl stretching frequency. 
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CHS 

1. Acetic anhydride 

250°C ,N2 atm. 

10 mole & excess of diacetate 
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Figure 85. Synthesis of PEK-polyarylate of 5-t-BulPA and Bisphenol A diacetate 
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Table 26. Characteristics of PEK-polyarylate of 5-t-BulPA and bisphenol A diacetate 

  

  

homopolymer       

cna Tg(°C) Wt % Polyester In hsec DSC 

(di/g) 

PEKCOOH 0.23 140 
<Mn> 5700 g/mole 

10 0.59 148 

20 0.60 155 

40 0.45 158 

80 0.60 173 

t-BuIPA-Bis A 0.46 201   
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Sample: WAE 28 ) GC CC File: WAEHAMAD.04 
Size: 10.2300 mg Operator: Pauli S. Vail 

  

      

Method: WAEHAMAD DSDSC Run Date: 28-Sep-88 414: 32 
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Figure 86. DSC thermogram of PEK-Polyarylate of 5-t-BulPA and bisphenol A diacetate: con- 
taining 40 wt % of the polyester 
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_ THERMAL GRAVIMETRIC ANALYSIS 
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Figure 87. TGA thermogram of PEK-Polyarylate of 5-t-BulPA and bisphenol A diacetate 
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Figure 88. FT-IR spectrum of PEK-Polyarylate of 5-t-BulPA and bisphenol A diacetate 

RESULTS AND DISCUSSION 241



4.15 Synthesis of PEK-LCP Segmented Copolymers from 

A-A and B-B monomers 

So far, the melt acidolysis technique for the synthesis of polyarylates, LCP copolymers 

and amorphous PEK-polyarylate segmented copolymers has been well established. Hope- 

fully, the technique can be applied to the preparation of PEK-LCP segmented copolymers. 

Thus, the synthesis of segmented copolymers from A-A and B-B monomers of several possi- 

ble chemical combinations shown in Table 27 on page 243was attempted. It was found that 

the segmented copolymer of high weight percent LCP ( e.g. above 20 wt % of LCP ) was dif- 

ficult to synthesize. Problems arose from the heterogeneous nature of the reaction and the 

solidification of low molecular weight polymer species. It was observed that after 

solidification had occurred, the PEKCOOH oligomer tended to aggregate and separate from 

the mixture. Chlorobenzene was not able to dissolve the low molecular weight polymer spe- — 

cies. As a result, the attempt to synthesize of this type of segmented copolymer was aban- 

doned. 

4.16 Synthesis and Characterization of 

PEK-poly(oxybenzoate) (PEK-POB) 

Since the synthesis of PEK-LCP segmented copolymers of high LCP content from A-A 

and B-B monomers was unsuccessful, as discussed in the previous section, the use of an A-B 

monomer may be a key to the solution of the problem. Thus, PEK-poly{oxybenzoate) LCP 

segmented copolymers were prepared from PEKCOOH of various molecular weights and 
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. Table 27. Possible chemical compositions of PEKCOOH, and A-A & B-B monomers 

  

Oligomer Acetoxyacid Diacetate Diacid 
  

  
Oo 

PEKCOOH o-l-cu, 0 0 

+ cuptl 0p bon crigll ALS no-t-¢)-ton 
O 

Oo Oo 
Ho 

cut Oo K pk probs With or Without cnet O oben, ot (Ne HH 

as a chain extender Tm > 300°C         
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4-acetoxybenzoic acid. 4,4’-biphenol diacetate was used as a chain extender ( See Figure 89 

on page 245). The difference between this reaction and the one in the previous section is that 

4-acetoxybenzoic acid gave a homogeneous reaction mixture. The reaction was similar to 

that of PEK-mPOB, except that after the reaction proceeded for a certain period of time, the 

solution turned opaque. The opacity is an indication of semicrystallinity or liquid crystallinity 

within the resultant polymer. It was noted that the segmented copolymers containing LCP of 

less than 25 weight percent incorporation were easily synthesized in high molecular weights. 

In contrast, the segmented copolymer which had a high weight percentage of the LCP, 60 

weight percent for example, could not be synthesized as a high molecular weight polymer. 

This was due to the fact that the segmented copolymer solidified before reaching a high mo- 

lecular weight. The segmented copolymer which comprises long POB blocks may eventually 

behave in a manner similar to the POB homopolymer which is known to have high percent 

crystallinity and high melting temperature [ 89,216 ]. Additionally, one also should not rule 

out the possibility that some of the 4-acetoxybenzoic acid might be self-polymerized to form 

POB homopolymers during the course of polymerization. This may in fact occur due to the 

limited access of functional groups in a slurry state prior to complete solidification of the 

polymerization components. 

Table 28 on page 247 contains the Tg’s and Tm’s of the segmented copolymers com- 

posed of various percentages of POB. The glass transition temperature of the segmented 

copolymers increase in comparison with the corresponding PEKCOOH oligomer. The ob- 

served Tg was assigned to the PEK segment since there was no recognizable Tg exhibited 

by the poly(oxybenzoate) segments. The increase in the value of Tg indicates that the 

PEKCOOH oligomer was incorporated into the copolymer. The PEK-POB segmented 

copolymers had semicrystalline morphologies when the POB content was above 5 weight 

percent. The melting transitions of these segmented copolymers varied between 300°C and 

315°C. The “crystallinity window” ( Tm - Tg ) of these polymers are very wide, and as a result, 

their crystallinity can be easily observed even for the copolymer low percentage of POB con- 

tent ( See Figure 90 on page 248 ). The DSC thermograms show only one endotherm for the 
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Figure 89. Synthesis of segmented PEK-POB copolymer 
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segmented copolymers containing less than 40 weight percent of poly(oxybenzoate). How- 

ever, when the POB content was increased to 60 weight percent, the PEK-POB segmented 

copolymer showed two endotherms, i.e. at 320°C and 373°C as shown in Figure 91 on page 

249. This DSC thermogram was obtained from a sample which was annealed at 330°C for one 

hour. These two endotherms were not able to be confirmed as a characteristic of a liquid 

crystalline polymer by hot stage optical microscopy because the copolymer was intractable 

and difficult to make into a very thin film for the study. 

The thermal behavior of poly(oxybenzoate) homopolymer (POB) has been extensively 

studied. The polymer has been shown to exhibit multiple endotherms. Economy and co- 

workers [ 63,88,217 ] have demonstrated that POB possesses a first order phase transition at 

330-340°C, which was termed ” a plastic crystal or a highly ordered smectic phase transition 

“and at much higher temperature of 445°C, a nematic transition. Kricheldorf and Schwarz [ 

89 ] have also demonstrated the multiple phase transitions of poly(oxybenzoate). Slab-like 

crystals of POB displayed phase transitions at 332, 430-440, 510 and 529°C and needle-like 

crystals at 353, 430-440, 510 and 532°C. The endotherms at 510°C and above indicated the 

beginning of the melting process reinforced by thermal degradation. It appeared that 

PEK-POB of high POB content showed a thermal behavior similar to that of the parent liquid 

crystalline polymer. 

These segmented copolymers exhibited high thermal stability (See Figure 92 on page 

250 ) showing 5 % weight loss at temperatures close to 450°C. The segmented copolymers 

with higher contents of PEK showed better thermal stability, which is similar to the thermal 

behavior of PEK-polyarylate amorphous segmented copolymers ( See Figure 85 on page 237 

). However, the copolymers with high POB content had a significant char yield even at 800°C. 

Table 29 on page 252 shows the solubility behavior of the PEK-POB copolymers. The 

copolymers exhibited solvent resistance to most common solvents. Furthermore, a signif- 

icant improvement in solvent resistance of the copolymers was observed when the weight 

percent of POB was increased ( as can be seen from extraction data in Table 30 on page 253 
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Table 28. Thermal properties of PEK-POB segmented copolymers 

  

  

    

. Te? Tm(°C) Weight % POB iB © Sc 

PEKCOOH 140 _ 
<5700 g/mole> 

5 157 . 

9 159 301 

15 159 304 

25 161 315 

40 161 307     
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). It was noted that the intrinsic viscosity of these copolymers could not be determined be- 

Cause a Suitable solvent was not found. 

As discussed earlier, the presolvent became a factor in the success of the synthesis 

of PEK-LCP segmented copolymers. Hereby, the type of presolvents used was closely exam- 

ined. Table 30 on page 253 indicates that the segmented copolymer prepared chlorobenzene 

showed comparable solvent extraction values to that of using acetic anhydride. 

Chlorobenzene was found to be more suitable since the segmented copolymers prepared 

using this solvent were lighter in color. Acetic anhydride might decompose, to some extent, 

during the course of the reaction, thereby causing the corresponding copolymer to appear to 

dark brown in color. 

One of the basic assumptions was that the PEK was well incorporated into the seg- 

mented copolymer, there should not have been any PEK extracted. Thus, an extraction study 

was conducted and FT-IR was used to analyze the extractable portion of PEK-POB. The FT-IR 

spectra are shown in Figure 93 on page 254. The presence of the ester carbonyl band at 1737 

cm-' indicated that PEKCOOH copolymerized with POB. The extractable portion obtained 

might be the PEK-POB copolymer which was composed of PEK segments and short POB 

segments. This was also supported by the evidence that PEK-POB with 5 weight % POB could 

be dissolved in chloroform ( See Table 29 on page 252 ). 

Preliminary stress-strain experiments on the unoriented samples of PEK-POB seg- 

mented copolymers illustrated that the modulus and the yield stress increased as the per- 

centage of the rigid polyester moiety was increased ( See Figure 94 on page 255 ). The 

parent LCP, poly(oxybenzoate), has a high modulus but is somewhat brittle, perhaps due to 

its high crystallinity, on the other hand, a high molecular weight amorphous PEK has high 

toughness. As a result, the PEK-POB segmented copolymers were found to have a balance 

of these mechanical properties. 
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Table 29. Solubility behavior of PEK-POB segmented copolymers 

  

Weight % POB 
Solvents* 
  

CHCl, DMAc DMSO NMP 
  

15 

25 

AO     
SW SW IS S* 

SW SW IS SW 

SW IS IS SW 

SW IS IS SW   
  

Note : S = soluble, S* = soluble but cloudy, SW = swell, 
IS = insoluble, a = 2 % wt/v of polymer films at 
room temperature for a period of one week 
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Table 30. Extraction study of PEK-POB segmented copolymers 

  

PEK/POB 

weight ratio 

% Extraction® 
  

PEK<5700>-POB 

Acetic anhydride 

PEK<7300>-PO8 

Chlorobenzene 

  

91/9 

90/10 

85/15 

75/25 

60/40     

39 

NA 

37 

26 

  

NA 

40 

31 
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4.17 Synthesis and Characterization of 

PEK-poly(oxybenzoate-co-oxyphenoxybenzoate) 

One of the objectives of this dissertation research was to incorporate poly(arylene 

ether ketone) into LCPs so that the transverse mechanical properties of the LCPs may be 

improved. The resulting segmented copolymer can have good mechanical properties in both 

the longitudinal and transverse directions. It was experienced that PEK-POB with a high 

weight percent of POB could not be prepared as a high molecular weight polymer. The 

segmented copolymer showed brittleness because of its high crystallinity. In order to achieve 

PEK-poly(oxybenzoate) segmented copolymers with high weight percent of LCP, modification 

of poly(oxybenzoate) was necessary. 4(4-Acetoxyphenoxy)benzoic acid, an A-B monomer, 

was chosen as a comonomer to reduce melting the temperature of POB. It was demonstrated 

earlier that poly(oxybenzoate-co-oxyphenoxybenzoate) is a liquid crystalline polymer. 

POB-POPB of 50/50 molar ratio was used because it had a suitable melting endotherm of 

316°C and 5 % weight loss at 456°C. There is a wide temperature range for processing of 

these systems . Moreover, the A-B monomer facilitates a melt acidolysis by producing a ho- 

mogeneous reaction mixture. The synthesis of PEK-POB-POPB ( 50/50 mole % ) was per- 

formed by a procedure similar to that of the PEK-POB copolymer ( See Figure 95 on page 258 

). AS a result, a series of segmented copolymers with a wide compositional range were suc- 

cessfully synthesized. Table 31 on page 259 shows the thermal properties of the segmented 

copolymer series, which were determined by DSC. Normally, the DSC was scanned from 50°C 

to 370°C with a heating rate of 10°C /min under N, atmosphere as shown in Figure 96 on page 

260. The segmented copolymers exhibited two glass transition temperatures and one 

endotherm. However, the copolymer with 90 weight % of the LCP showed only one Tg at 

119°C which corresponds to the LCP segment. The copolymer containing less than 40 weight 

% of the LCP, on the other hand, also showed one Tg at 152°C corresponding to the PEK 
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segment. The second glass transition temperature was evidently too small to be detected by 

DSC. As the segmented copolymers exhibited two Tg’s, it was implied that the segmented 

copolymers were phase separated, and generally, the identity of both segments is retained | 

3]. In contrast, the amorphous PEK-polyarylate segmented copolymers showed only one Tg 

as discussed earlier. Thermal stability of these segmented copolymers shown in Figure 97 

on page 261 was reasonably high. The same trend, i.e. the increase of thermal stability with 

the increase in PEK content, was found for these segmented copolymers also. 

Dynamic mechanical thermal analysis of the PEK-POB-POPB shown in Figure 98 on 

page 262 confirmed that the segmented copolymer possessed two Tg’s. Interestingly, the 

segmented copolymer containing 10 weight % of PEK showed a similar level of storage 

modulus above its Tg when compared to with the parent LCP copolymer { Figure 40 on page 

163 ). However, when the PEK component was increased to 70 weight % for example, the 

storage modulus above the Tg was lost completely ( See Figure 99 on page 263). From the 

above evidence, it was suggested that no more than 10 weight % of PEK should be incorpo- 

rated into the segmented copolymer in order to modify LCP without much sacrifice of its de- 

sirable properties. Table 32 on page 264 shows the solubility behavior of PEK-POB-POPB 

containing 10 weight % of PEK. The segmented copolymer exhibited an excellent solvent re- 

sistance in several type of solvents which showed similar behavior to that of its parent LCP 

copolymer. 

To prove if the carboxyl difunctionalized poly(arylene ether ketone) oligomer was in- 

corporated into the copolymer, controlled experiments with non-reactive phenyl terminated 

poly(arylene ether ketone) was conducted using the same melt acidolysis procedure as that 

of PEK-POB-POPB segmented copolymers. Soxhlet extraction of representative samples with 

chloroform for 72 hours and drying to a constant weight shows the loss of almost all the 

poly(arylene ether ketone) originally charged, as compared to five percent from the seg- 

mented copolymer prepared from carboxyl terminated poly(arylene ether ketone) oligomers ( 

See Table 33 on page 265 ). 

RESULTS AND DISCUSSION 257



oO O Oo O 
I I l It 

HO—C —-- PEK +c —oll CHy-C-O O- C-CH, 

oO 0 i 

II | 
CH,-C-—O C—OH crtt-o It —Oll 

1. Chlorobenzene as a presolvent 

200 - 230°C, No atm., Stirring for 12 hrs. 

350 °C for 1 hr, high vacuum 

3. 260 °C for 20 hrs 

high vacuum ( 20 millitorr ) 

{ 2. 290 - 350 °C for 3 hrs, N2 atm. 

0 

ot Vf \-o- Hevea! {0-H O-O-4 
50 mole % 

a
=
o
 

X wt% wi% 

Figure 95. Synthesis of PEK-POB-POPB segmented copolymers 

RESULTS AND DISCUSSION 258



Table 31. Thermal properties of PEK-POB-POPB segmented copolymers 

  

  

— 0X) potiven! +H opti topo — 
50% mole n 

m* n* T,( °C) TCC) comment 
psc psc 

10 90 119, ---- 311 All samples were annealed 

20 80 124, 153 308 at 270°C for SO mins. 

30 70 120, 153 305 PEKCOOH<12200 g/mole> 

40 60 120, 152 308 

50 50 120, 153 306 

60 40 ---, 152 308 

70 | 30 w+, 153 305           
* = % by weight 
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Table 32. Solubility behavior of PEK-POB-POPB containing 10 weight % of PEK 

  

  

5. KETONE       

SWELL OR 
TYPE OF SOLVENTS SOLVENTS WEIGHT LOSS 

1. ORGANIC ACID ACETIC ACID none 

2. POLAR SOLVENT DMAc DMSO none 

NMP DMF 

3. CHLORINATED SOLVENT CHCl, none 

ACETONE none   
  

CONDITION: Heating at 50°C for 4 days and continue at room temperature for one month 
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Table 33. Extraction studies of functionalized and unfunctionalized PEK-POB-POPB segmented 
copolymers 

  

  

<12,200 g/mole>     

PEK-POB-POPB Wt % Extracted from PEK 

component 

1.10 Wt % PEK «12,000 g/mole> 80 
Unfunctionalized 

2.10 Wt % PEKCOOH 5°   
  

a = Soxhlet extraction in CHC], for 72 hours 
b = This value is in the range of the experimental error 
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The textures in the liquid crystalline phase of the PEK-POB-POPB segmented 

copolymers were observed by the use of a polarizing microscope equipped with a hot stage. 

Samples were prepared by pressing a piece of the material between two coverslides at tem- 

perature of about 350°C, followed by quenching on a cold metal plate. The texture of the 

segmented copolymer composed of 10 weight % PEK or 90 weight % POB-POPB ( 50/50 mole 

% ) shown in Figure 100 on page 267 was similar to that of its parent LCP copolymer, 

POB-POPB ( 50/50 mole %) { See Figure 64 on page 203 ). The liquid crystalline phase ap- 

peared as a fine schlieren texture. It did not change when the sample was heated above its 

melting endotherm, 308°C. As for the segmented copolymer containing a higher percentage 

of PEK, 70 % weight PEK, it showed a completely different texture. Weak birefringence was 

observed as bright spots uniformly dispersed throughout the sample and the dark regions 

were attributed to the isotopic phase of PEK domains ( See Figure 101 on page 268 ). This 

was simply caused by a dilution effect as more isotropic segments were incorporated. Again, 

the birefringence did not disappear when heated at above the samples melting endotherm. 

This observation confirmed that the individual phase had preserved its integrity. 

To obtain better micrographs, a hot stage optical microscopy study was performed on 

samples of PEK-POB-POPB ( 10 wt % PEK ) in which the molecular weight was controlled by 

endcapping with a monofunctional reagent, benzoic acid. The samples were prepared by 

shearing the specimens between two coverslides at a temperature of 360°C. The results are 

shown in Figure 102 on page 270. These micrographs do indeed show a clearer view of the 

disclination lines. However, it was observed that this sample did not produce a banded tex- 

ture as some of the other copolymers did which were discussed in the earlier section. Fur- 

thermore, a microscopy study of a low molecular weight multiblock PEK-POB-POPB 

segmented copolymer composed of PEK <Mn> 3600 g/mole and POB-POPB <Mn> 2000 

g/mole (calculated) was undertaken for a better understanding of the morphology of this seg- 

mented copolymer. Micrographs of this multiblock copolymer, shown in Figure 103 on page 

271, reveals the birefringence which was similar to that of PEK-POB-POPB ( 70 weight % of 

PEK ( Figure 101 on page 268 )). However, when the sample was heated to 330°C, which is 
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Figure 100. Micrographs of PEK-POB-POPB containing 10 weight % PEK: (a) at room temper- 
ature (b) at 330°C 
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Figure 101. Micrographs of PEK-POB-POPB containing 70 weight % PEK: (a) at room temper- 
ature (b) at 350°C 
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above the copolymers melting temperature, melting occurred and the biphases became evi- 

dent. The bright regions changed to some extent, but The overall texture remained stable, 

although the sample continued to be heated to 460°C. The sample showed some decompos- 

ition when it was left for a long period of time, eg. 10 minutes, at this temperature. 

Stress-strain experiments were conducted on unoriented samples using an INSTRON 

instrument equipped with an extensometer. The small dogbone samples, with thicknesses of 

0.12-0.2 inches, were prepared by use of a press and a 1 inch ASTM die, D-3368. The results 

are summarized in Table 34 on page 272 and the stress-strain curves are shown in 

Figure 104 on page 273. PEK-POB-POPB containing 30 wt % of PEK had a tensile modulus 

and yield stress similar to that of the parent PEKCOOH, but with a higher % elongation being 

obtained. The increase of toughness implies that the molecular weight of the segmented 

copolymer may have been greater. However, when the weight percent of PEK content was 

reduced to 10 %, the tensile modulus and yield stress fell between that of its parent polymers. 

It should be noted that both of the values were higher than that of the corresponding 

PEKCOOH oligomer. The stiffness of the segmented copolymer increased, when the PEK 

content was reduced, because the polymer had less entanglements and more crystallinity, as 

well as some probable increase in orientation. 
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be > | crossed polars 

100 um 
Figure 102. Micrographs of PEK-POB-POPB containing 10 wt % of PEK: molecular weight con- 

trolled by addition of benzoic acid (a) at room temperature (b) at 350°C; 
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Figure 103. Micrographs of PEK-POB-POPB low molecular weight segmented copolymer: (a) at 

room temperature (b) at 350°C 
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Table 34. Tensile properties of unoriented PEK-POB-POPB segmented copolymers 

  

  

    

Polymers Tensile modulus Tensile strength % Elongation 

10°°x psi 107 x psi at break 

PEKCOOH 358 8.9 4 
<12,200 g/mole> 

PEK-POB-POPB 357 8.5 52 
(30 Wt % PEK) 

PEK-POB-POPB 390 9.9 6 
(10 Wt % PEK) 

POB-POPB 450 : 19.9 9 

(50/50 mole%) 

J     
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Chapter 5 

CONCLUSIONS 

4(4-Acetoxyphenoxy) benzoic acid (PAPBA), an ether containing A-B monomer, was 

successfully synthesized with a high percentage yield from. starting materials, 

4-methoxyphenol and 4-chlorobenzonitrile, via nucleophilic aromatic substitution. The re- 

action was performed utilizing dimethylsulfoxide as the dipolar aprotic solvent and anhydrous 

potassium carbonate as the weak base. A phase transfer catalyst, 

tris[2(2-methoxyethoxy)ethy!]] amine (TDA-1), was also employed and found to be effective in 

increasing the overall yield of the product. This monomer is thermoxidatively stable and was 

used to prepare a homopolymer, poly(oxyphenoxybenzoate) (POPB), however, the infusible, 

solid POPB homopolymer showed no melting endotherm at temperatures below 400°C sug- 

gesting a highly crystalline polymer had been obtained. 

A novel A-B monomer, 4(2-acetoxy-6-naphthoxy) benzoic acid (PANBA), which is 

analogous to PAPBA in that only the 1,4-phenyl ring was replaced by a 2,6-naphthalene unit, 

was prepared from _— starting materials of 6-methoxy-2-bromonaphthalene and 

ethyl-4-hydroxybenzoate via the Ullmann condensation reaction using copper bronze as a 

catalyst and anhydrous potassium carbonate as a weak base. In general, it is difficult to at- 
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tain a high yield from the Ullmann condensation reaction, but in this case a yield of more than 

90 weight percent was obtained due to the fact that the 2-oriented bromonaphthalene com- 

pound is three time more reactive than an unactivated bromophenylene compound. This 

monomer was used to synthesize a homopolymer, poly(oxynaphthoxybenzoate) (PONB), 

which exhibited a high melting temperature (Tm) of 371°C with no sign of a glass transition 

temperature. Unfortunately, this homopolymer could not be prepared as a high molecular 

weight material because of the problem of premature solidification. 

The possibility of employing 5-tertiary butylisophthalic acid (5-tBulPA), which was 

provided by Amoco Chemical Corporation, as a co-monomer for the synthesis of polyarylates 

via melt acidolysis was investigated. Proton NMR spectra of the polymer indicated that the 

tertiary butyl pendant groups in the polymer chains were thermoxidatively stable despite the 

fact that the polymers had been heated during the course of the reaction at temperatures 

above 300°C under nitrogen atmosphere for a period of more than one hour. This character- 

istic was also supported by a thermogravimetric analysis (TGA) which showed that 

polyarylates containing 5-tBulPA could withstand temperatures up to 400°C (See Figure 34 on 

page 153). Therefore, 5-tBulPA can be used to prepare high molecular weight polyarylates 

via a melt acidolysis technique, and as expected, the polymers synthesized were amorphous 

polyarylates. 

As mentioned’ earlier, both 4(4-acetoxyphenoxy) benzoic acid and 

4(2-acetoxy-6-naphthoxy) benzoic acid formed homopolymers having high melting temper- 

atures. Theoretically, the synthesis of copolymers is one way to reduce the Tm. Thus, these 

A-B monomers were employed in combination with 4-acetoxybenzoic acid (PABA), diacids 

and diacetate derivatives of diphenols to produce liquid crystalline main chain polymers of 

high molecular weights. The corresponding polyether-ester LCP copolymers of a wide com- 

positional range were thermoxidatively stable and melt processable. The effectiveness of 

either PAPBA or PANBA in lowering melting transitions of rigid polymers, poly(oxybenzoate) 

for example, is analogous to that of 6-acetoxy-2-naphthoic acid. PAPBA and PANBA were 

also used as modifiers by incorporating a small amount of the monomers into high melting 
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temperature structures. A modified Xydar copolymer containing 12 mole % PAPBA has a 

melting transition at 304°C which is 84°C lower than Xydar™ (PHBA/4,4’-biphenol/TPA 

copolymer, Tm of 388°C). When PAPBA was replaced by PANBA, at the same amount of 12 

mole %, the resulting modified Xydar copolymer showed a melting temperature at 263°C. 

The polyether-ester copolymers derived from either 4(4-acetoxyphenoxy) benzoic acid 

or 4(2-acetoxy-6-naphthoxy) benzoic acid exhibited liquid crystalline behavior when observed 

by a polarized microscope. The copolymer derived from 4,4’-thiobiphenol (33 mole %), on 

the other hand which appeared to be semicrystalline. 

Dynamic mechanical thermal analysis (DMTA) of the POB-POPB (50 mole %) 

copolymer showed a storage modulus drop, to some extent, above the glass transition tem- 

perature, however, the storage modulus values could be increased when a higher mole per- 

centage of PABA was employed. In the case of the modified Xydar copolymers, a small 

amount (5-10 mole %) of either PAPBA or PANBA can be used in order to lower melting 

temperatures of the copolymers while having less of an effect on the storage modulus. 

Novel carboxyl terminated poly({arylene ether ketone) oligomers (PEKCOOH) of con- 

trolled molecular weights have been successfully synthesized via nucleophilic aromatic sub- 

stitution using DMSO:DMAc (~ 2 : 1) as a mixed dipolar aprotic solvent, toluene as an 

azeotropic agent, anhydrous potassium carbonate as a weak base and 4-hydroxybenzoic acid 

as a monofunctional endblocker, These fully endcapped oligomers are thermoxidatively 

stable and therefore, suitable for a high temperature post-reaction. Thus, the oligomers were 

employed to synthesize a series of poly(arylene ether ketone)-poly(oxybenzoate) segmented 

copolymers (PEK-POB) by reaction with 4-acetoxybenzoic acid using 4,4’-diphenol diacetate 

as a chain extender via a melt acidolysis technique. Furthermore, the use of chlorobenzene 

as a homogenizing solvent at the early stage of the melt acidolysis reaction became crucial 

for the successful synthesis. The segmented copolymers showed a significant improvement 

in solvent resistance as the POB content was increased. The morphology of the segmented 

copolymers was found to be amorphous with low levels of POB, and semicrystalline as the 

POB content was increased. 
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An attempt to modify PEK-POB segmented copolymers by using A-A and B-B 

monomers, so that segmented copolymers could have a high weight percent of LCP and low 

melting temperatures, was unsuccessful. However, it was possible to prepare a series of 

poly(arylene ether ketone)-poly(oxybenzoate-co-oxyphenoxybenzoate) segmented copolymers 

(PEK-POB-POPB) via melt acidolysis with a wide compositional range. The segmented 

copolymer containing 90 weight percent of POB-POPB (50 mole %) was easily prepared and 

could be compression molded. This segmented copolymer exhibited liquid crystalline be- 

havior with the appearance of a nematic “tight” texture. 

The DMTA trace of PEK-POB-POPB containing 10 wt % PEK shows two relaxation 

peaks which is consistent with the data obtained by DSC measurements. The relaxation 

peaks at 131°C and 150°C are attributed to the glass transition temperatures of the LCP seg- 

ments and PEK segments, respectively. DMTA measurements also suggested that when 10 

wt % PEK was incorporated into the segmented copolymers, the PEK segments had insignif- 

icant effects on the storage modulus of the corresponding copolymers. 

Stress-strain measurements of unoriented samples of the POB-POPB (50 mole %) - 

copolymer showed high tensile strength and tensile modulus indicating the existence of 

crystallinity and some orientations within the polymer samples. As expected, the segmented 

copolymers of PEK-POB and PEK-POB-POPB had improved mechanical properties when 

compared to the parent PEK polymer. However, the mechanical properties were less than the 

LCP polymers. 

Finally, the results from this dissertation study suggested that true segmented 

copolymers have been attained. 
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Chapter 6 

SUGGESTED FUTURE STUDIES 

This dissertation work suggested that research in the area of liquid crystalline 

polymers is still a great challenge for researchers. Although many questions have been an- 

swered, there are a number of research topics which still need to be investigated. 

lt was demonstrated that 4(4-acetoxyphenoxy) benzoic acid (PAPBA) and 

4(2-acetoxy-6-naphthoxy) benzoic acid (PANBA) could be incorporated into rigid polymer 

structures and as a result, a variety of processable liquid crystalline polymers were attained. 

Further detailed investigations of those LCPs would be worthwhile so that their structure - 

property relationships could be better established. One of the major concerns with the LCPs 

is the cost of the monomers employed. This dissertation has provided straight forward routes 

for the synthesis of the useful monomers mentioned above, however, more efforts are re- 

quired in order to reduce their cost and make them suitable for practical industrial applica- 

tions. Of some _ interest is properties of the homopolymer of PANBA, 

poly(oxynaphthoxybenzoate), which has Tm of 371°C, its Tm being much lower than that of 

poly{oxybenzoate), “Ekonol”. This homopolymer could probably be synthesized as a high 
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molecular weight polymer via a procedure similar to that of poly(oxybenzoate) by the use of 

a heat exchange medium, Therminol 66 for example. 

It was shown that poly(arylene ether ketone)-LCP segmented copolymers could be 

prepared in any chemical composition when the LCP segments were derived from A-B 

monomers since the reaction was run in a homogeneous mixture. By a similar method, it 

should be possible to synthesize PEK-LCP segmented copolymers from hydroxy terminated 

poly(arylene ether ketone), and A-A and B-B monomers, diphenols and diacid chlorides. 

However, the elimination of hydrogen chloride gas as a by-product might be problematic. 

In this dissertation, the characterization of the LCPs and PEK-LCP segmented 

copolymers was mainly done by DSC, TGA, DMTA and optical microscopy. Solid state NMR 

and X-ray studies would provide additional constructive data on the structural and 

morphological variations within the polymers. 

Although a 500 ml resin kettle was employed for melt acidolysis, only 20-25 gram 

batches of polymer could be produced due to inefficient heat transfer with larger quantities. 

To determine the ultimate properties of the LCPs and PEK-LCP segmented copolymers, a test 

on samples prepared from a larger batch is necessary. Therefore, a new laboratory melt 

acidolysis apparatus should be designed. It is important to know the properties of the ori- 

ented LCPs and PEK-LCP segmented copolymers as larger batches are made. In the case 

of the PEK-LCP segmented copolymers, it would be interesting to see whether a balance of 

mechanical properties in the longitudinal and transverse directions have been achieved. One 

more interesting topic is the introduction of a low molecular weight multiblock PEK-LCP 

copolymer as a compatibilizer in polymer blends. This segmented copolymer can melt-flow 

easily, therefore, blending it with LCPs and amorphous engineering thermoplastics could be 

easily done. 

Lastly, the reactive carboxyl terminated poly(arylene ether ketone) oligomers, which 

have high thermoxidative stability, should also have some other useful applications, and 

therefore, require further investigations along this lines. 
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Appendix A 

Calculation for the carboxyl terminated poly(arylene 

ether ketone) oligomer of <Mn> 5000 g/mole 

Define : 

Dp = Average number of repeat units per molecule 

Xn = Number average degree of polymerization 

Stoichiometric imbalance of functional groups r= 

For A-A and B-B monomers, Xn = 2x Dp. 

  Carothers equations : Xn = 1. : ,asp = 4 

When the amount of 4,4’-difluorobenzophenone is in excess of bisphenol A, 

where Na and Ne are a number of moles of bisphenol A and 

4,4’-difluorobenzophenone. 

For PEKCOOH of <Mn> 5000 g/mole having the molecular weight of the repeat unit 

of 406 g/mole, 

_ 5000 _ _ 
Dp = 408, and thus, Xn = 2x Dp = 24.63   

Calculation for the carboxyl terminated poly(arylene ether ketone) oligomer of <Mn> 5000 g/mole 289



From Xn=>——" when Xn = 24.63, then,r=0.92198   

and Na=r x Ng = 0.92198 x 0.06000 = 0.055314. 

When the oligomer is endcapped by 4-hydroxybenzoic acid, 

Na 
"Ng + 2N'p 

where Na and Ng are now treated as a number of moles of bisphenol A and 

4,4’-difluorobenzophenone, and 2N’s_ is a number of moles of 4-hydroxybenzoic acid. 

0.06000 
0.92198 = 055314 x 2N’p 

Thus, 

2N’, = 0.00976 

Therefore, the amount of reagents used are: 

bisphenol A = 12.626 g ( 0.05531 mole ) 

4,4’-difluorobenzophenone = 13.093 g ( 0.06000 mole } 

4-hydroxybenzoic acid 1.348 g (0.00976 mole ) 

potassium carbonate = 0.05531 + 0.00976 = 0.06507 mole 

= 10.785 g (0.07815 mole ) (20 mole % excess). 
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