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(ABSTRACT) 

High molecular weight poly(hydroxy amide)s and polybenzox- 

azoles possessing a variety of backbone compositions have been 

synthesized via low temperature polycondensation and a novel 

Catalytic cyclization reaction. Preliminary experiments involved 

the synthesis of poly(hydroxy amide)s and polybenzoxazoles based 

on a bisphenol-A aminophenol and isomeric acid chlorides. The 

polymers exhibited Tg’s around 280°C, limited solubilities and only 

fair thermo-oxidative stabilities. In an effort to improve these 

properties, flourinated monomers were investigated. A number of 

novel fluorinated monomers and commercial monomers were 

incorporated into poly(hydroxy amide)s and polybenzoxazoles using 

the above mentioned polymerization/cyclization techniques. 

Enhanced solubilities, glass transition temperatures and thermo- 

oxidative stabilities were realized. Difficulties encountered during 

the polymerization of the fluorinated monomers prompted the study 

of polymerization conditions. Results of these studies indicate that 

the electronic environment about the bis(o-aminophenol)s and acid 

chlorides dictates the ability of these monomers to participate in 

an ester forming side reaction. Physical and spectroscopic evidence 

was presented to support this conclusion. Investigations were also



conducted to determine optimum cyclization conditions. It was 

shown that pyridine hydrochloride and p-toluenesulfonic acid 

monohydrate were active cyclization catalysts when used in 

conjunction with an azeotroping solvent, such as toluene or o- 

dichlorobenzene. In general, complete cyclization of the oxazole 

rings could be achieved in as little as 6 hours at 175°C. 

Unfortunately, generic cyclization conditions were not found. 

Additionally, phenylethynyl terminated polybenzoxazoles were 

successfully synthesized using the above techniques. Molecular 

weight control and phenylethynyl incorporation were confirmed by 

spectroscopic, thermal and mechanical analyses.
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Chapter 1 

INTRODUCTION 

High temperature, thermally stable polymers have been 

mentioned in the literature to a great extent due to their desirable 

thermal and mechanical properties, as well as their solvent 

resistance [1-4]. Some of the more notable materials include 

Ultem® and Kapton® polyimides, PMR-15 resins, Udel® 

polysulfones, PEEK® and PEK® poly(arylene ether ketones), 

polybenzimidazoles and a whole host of other experimental 

thermoplastic polymers and industrially important thermosets, such 

as epoxies, maleimides and cyanate esters. All these materials 

possess desirable properties as well as drawbacks. For example, 

Kapton® is an excellent high temperature polymer, but processing 

requires one to work with the poly(amic acid) stage of the polymer 

until the final shape has been achieved. Furthermore, thermal



cyclization of the poly(amic acid) to polyimide generates volatiles 

and causes shrinkage; consequently, the majority of Kapton®’s 

commercial applications are relegated to the area of thin films. 

Typical amorphous thermoplastic polymers generally lack solvent 

resistance, even though their strength and toughness properties are 

superior to most polymers. Thermosets on the other hand possess 

excellent solvent resistance, good mechanical properties and 

desirable processing characteristics, but lack toughness and 

moldability. 

Other high performance polymers, such as polybenzoxazoles, 

have been mentioned with respect to excellent thermal and 

mechanical properties, but lack notoriety due to problems 

encountered during synthesis and processing. Polybenzoxazoles 

belong to the family of polymers characterized by a nitrogen 

containing heterocycle fused to a benzene ring in the polymer 

backbone. Consequently these polymers are extremely stable in 

thermo-oxidative environments. In addition, fibers spun from 

polybenzoxazole dopes and thermally treated, possess phenomenal 

mechanical properties as exemplified by tensile moduli and 

strengths exceeding 250 GPa and 3.5 GPa, respectively [5]. These 

exceptionally high mechanical properties can be directly related to 

the high degree of ordering found in these materials. Unfortunately, 

synthetic and processing drawbacks have hampered the development 

of these polymers into commercial products. Some of the major 

concerns include, low transverse mechanical properties, poor



solubility of the dicarboxylic acid in polyphosphoric acid and the use 

of environmentally unacceptable solvents. 

Recent advances in the area of step-growth polymerizations 

have aided in pushing back the boundaries associated with 

synthesizing and processing heterocyclic polymers. Most notable is 

the incorporation of fluorine into the polymer backbone [6]. 

Reinhardt and Imai have demonstrated that by incorporating 

fluorinated moieties into polybenzoxazole backbones, solubility and 

' processability were enhanced, while favorable thermal stability and 

glass transition temperatures were maintained [7,8]. Incorporation 

of flexible ether linkages into the polybenzoxazole backbone also 

improved processability. Poly(arylene ether benzoxazoles) possess 

desirable properties such as solubility, excellent mechanical and 

thermal properties and enhanced toughness relative to the parent 

polybenzoxazoles [9.10]. Unfortunately, the desirable improvements 

in processability and mechanical properties achieved with the above 

mentioned technologies have been offset by deteriorating material 

properties (e.g., solvent resistance, loss of ordering) and elaborate 

or expensive monomer syntheses. To overcome some of these 

drawbacks, the following chapters will outlined efforts made to 

modify existing polybenzoxazole polymerization conditions using 

commercially available monomers. 

The objectives of this dissertation research were to investigate 

alternate methods of synthesizing polybenzoxazoles using more 

favorable reaction conditions, in addition to generating novel



materials with improved properties; more specifically, to identify 

and correct, if possible, the reaction parameter (parameters) 

responsible for limiting molecular weight in the low temperature 

polymerization of bis(o-aminophenols) with diacid chlorides; 

secondly, to investigate the viability of acid-catalyzed solution 

cyclization with respect to conversion of poly(hydroxy amide)s to 

polybenzoxazole and amide hydrolysis. These investigations also 

served as a case study to establish the most efficient reaction 

conditions for the preparation of fully cyclized, soluble 

polybenzoxazoles. A third objective of the research was to. 

synthesize novel unsymmetrical difunctional monomers, which when 

incorporated into polybenzoxazoles, enhance solubility. A final 

objective was to control the molecular weight of a soluble 

polybenzoxazole via the incorporation of a monofunctional reactive 

endcapper. The resulting oligomers can then be solution processed 

and thermally crosslinked into an insoluble, three dimensional 

network. 

In Chapter 2 a review of the synthetic methods employed in the 

generation of aromatic polybenzoxazoles, as well as solution, 

thermal and mechanical properties of the resulting polymers will be 

presented. The purification and synthetic procedures used in the 

preparation of monomers and polymers are described in Chapter 3. A 

detailed discussion of the poly(hydroxy amide) polymerization, 

cyclization conditions and the resulting polymers will be presented 

in Chapter 4, followed with conclusions, future work and references.



Chapter 2 

LITERATURE REVIEW 

2.1 Introduction 

Aliphatic polybenzoxazoles were first synthesized in the late 

1950's via melt polymerizations [11], but it wasn't until 1964 that 

the synthesis of wholly aromatic polybenzoxazoles (PBO's) was 

reported [12]. Since that initial report, numerous polymerization 

methodologies have been developed to aid in the generation of 

aromatic polybenzoxazoles [13-17]. These techniques range from 

low temperature polymerization of bis(o-aminophenol)s with acid 

chlorides, followed by thermal cyclization to polyphosphoric acid 

mediated reactions between dihydrochloride salts of bis(o- 

aminophenol)s and dicarboxylic acids. Efforts to generate



polybenzoxazoles in the melt as well as incorporating preformed 

benzoxazole moieties into difunctional monomers have also been 

reported [9-11]. 

Interest in polybenzoxazoles can be directly attributed to their 

excellent thermo-oxidative stability, as well as their phenomenal 

mechanical properties. The wholly aromatic nature of the 

polybenzoxazole backbone affords it this superior thermal 

resistance [18]. Exceptional tensile properties can be attributed to 

the high degree of orientation achieved during the fiber spinning 

process, in addition to the para catenation of the exocyclic bonds, 

aromaticity and the development of three dimensional ordering 

[19,20]. Because of these highly desirable properties, many 

investigations have been conducted in an effort to optimize 

polymerization and processing conditions, as well as polymer 

properties. 

The following section will outline these synthetic efforts, in 

addition to providing information regarding molecular weight, 

thermal stability and mechanical properties of the resulting 

polymers. The review has been divided into sections according to 

polybenzoxazole polymerization technique. At the end of the 

chapter, a few comments will be made regarding the thermal and 

mechanical properties of polybenzoxazoles with respect to other 

high performance systems.



2.2  Polybenzoxazoles from Low Temperature 

Amidation Reaction and Thermal Cyclization 

The first successful synthesis of polybenzoxazoles made use of 

a low temperature polycondensation reaction in conjunction with a 

thermal cyclization reaction. Development of this method was 

prompted by the less than desirable results realized in melt 

polymerization attempts [21]. Kubota and Nakanishi [12,22] used 

low temperature, solution polymerization techniques to condense 

3,3'-dihydroxybenzidine with aromatic diacid chlorides. Dissolving 

3,3'-dihydroxybenzidine in DMAc with excess pyridine at 5°C and 

treating the solution slowly acid chlorides (in DMAc), followed by 

raising the temperature to 25°C for 12 hours, the authors were able 

to synthesize aromatic hydroxy substituted polyamides (Figure 2.1). 

High inherent viscosities (>1.00 dl/g, 0.5%, DMAc, 30°C) suggested 

that high molecular weights were achieved. Thermal treatment of 

these polymers at 200 °C, under inert reaction conditions, formed 

the oxazole ring structure and afforded polybenzoxazoles. 

Accordingly, tough, flexible, transparent films with excellent 

thermo-oxidative stabilities were obtained. 

Kubota and Nakanishi's report [12,22] that poly(hydroxy amide)s 

could be generated at low temperatures and subsequently cyclized 

to wholly aromatic polybenzoxazoles initiated the search for 

alternate polybenzoxazoles with improved properties. The following
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Figure 2.1. Low temperature polymerization of poly(hydroxy amide) 

and thermal cyclization to polybenzoxazole. 

section will summarize these efforts and comment on some of the 

properties exhibited by these materials. 

Culbertson [23,24] described the synthesis of poly(benzoxazole- 

oxadiazole)s by reacting aromatic hydrazides of aminohydroxy 

benzoic acids with diacid chlorides in NMP, without base. The 

resulting polymers were soluble in polar aprotic solvents and 

possessed inherent viscosities ranging from 0.6-2.17 dl/g (0.5%, 

25°C, DMSO). Thermally treating the precursor polymers under 

reduced pressure resulted in cyclized material after 1 hour at 

300°C. DSC analysis indicated no detectable glass transition
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temperatures and dynamic Thermogravimetric analysis (TGA) 

measured the onset of degradation at 520°C in air. Heat treated 

films were reported to be transparent and tough in nature. These 

materials, in addition to being novel polybenzoxazoles, represent 

the first synthesis of polybenzoxazoles containing heterocycles 

other than the oxazole heterocycle. 

Russian investigators became very active in the area of high 

performance polybenzoxazoles in the mid 1960's and 70's, with a 

large portion of the research being reported from the laboratories of 

Yakubovich [25-33]. The earlier efforts revolved around the 

synthesis of polybenzoxazoles containing 3,3'-dihydroxybenzidine 

and aliphatic acid chlorides. Using diimidate derivatives of 

aliphatic dicarboxylic acids, Yakubovich [25] described the use of 

low temperature techniques to generate hydroxy substituted poly- 

amides. Unfortunately the specific viscosities reported were all
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less than 0.1 di/g (m-cresol, 0.5%, 30°C). Repeating the 

experiments of Kubota and Nakanishi with an additional acid 

chlorides, Yakubovich [26,27] synthesized a number of 

polybenzoxazoles, some of which contained an oxygen linkage. 

Solid state cyclization studies (thermogravimetric analysis) on 

these polymers suggested that incorporation of flexible linkages 

enhances the rate of cyclization and lowers the cyclization 

temperature (Figure 2.2). In general, it was found that cyclization 

temperatures greater than 300°C were required to achieve complete 

cyclization and the rate was directly dependent on the reaction 

temperature. Assuming unimolecular reaction kinetics, the authors 

observed that lower cyclization temperatures resulted in a sharper 

decrease in the cyclization rate at higher percent conversions. 

Reduction of the cyclization rate constants (kc) was attributed to a 

decrease in backbone mobility with an increase in conversion to 

polybenzoxazole. Energies of activation for the process (17-55 

kcal/mole) increased with elevated levels of rigidity in the polymer 

backbone (determined from log kc-1/T graphs). 

Viscosity measurements made on the polymers, before, during 

and after cyclization indicated a loss of molecular weight (njinn's 

10
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Figure 2.2. Time dependence of the degree of cyclization of 

poly(hydroxy amide)s at various temperatures. l(a): 1-330°C, 2- 

316°C, 3-296°C; I(b): 1-335°C, 2-319°C, 3-305°C, 4-291°C; l(c): 1- 

324°C, 2-286°C, 3-270°C, 4-260°C, 5-240°C [27].



decreased initially) during the initial stages of cyclization, but 

elevated viscosities towards the end of the process. The authors 

attributed the initial decrease in ninn's to chain degradation (amide 

hydrolysis) and the increases at the end of the cure process to 

incorporation of rigid oxazole units in the polymer backbone, as well 

as chain extension. 

Changing the composition of the bis(o-aminophenol) bridging 

group from a single bond to a sulfonyl group and incorporating 

H,N O NH, 
I wot to 
O 

sulfide, oxygen, pyridinyl and sulfonyl groups into the diacid 

chlorides, led to a series of polybenzoxazoles with enhanced 

solubility's, but decreased inherent viscosity's [28,29] (Table 2.1). 

This marked the first in a number of reports, where comment was 

made regarding the difficulty in achieving high molecular weight 

polymers when electron-withdrawing bridging groups were 

incorporated into the bis(o-aminophenol). Low amine basicity (poor 

amine nucleophiles) was credited for the inability to achieve high 

molecular weights. Polymers made from the sulfonyl bridged analog 

exhibited inferior thermal stabilities, but enhanced ductility 

relative to the biphenyl systems. Percent elongations for the 

biphenyl and sulfone systems were 3-5% and 5-13%, respectively. 

Polymers with an oxygen, sulfide or sulfonyl linkage in the diacid 
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Table 2.1. Structure and solution properties of sulfonyl, sulfide and 

oxygen containing poly(hydroxy amide)s and polybenzoxazoles [29]. 
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chloride portion also showed enhanced elongations (5-9%). Tensile 

strengths decreased with incorporation of flexible linkages, but 

increased with an increase in draw ratio. Tensile moduli were 

reported to be around 3.9 GPa for the high molecular weight 

systems. 

Yakubovich extended this work further by incorporating acid 

chlorides containing two sulfide or oxygen linkages [30,31]. Low to 

high molecular weight polymer was obtained depending on the nature 

of the bis(o-aminophenol) linkage (sulfonyl being lower) (Table 2.2). 

All the poly(hydroxy amide)s exhibited excellent solubility'’s in 

organic solvents, especially polar, aprotic solvents and were readily 

cyclized at temperatures between 300 and 370°C. No data was 

presented on PBO solubility. Addition of an extra sulfide or oxygen 

linkage into the polymer backbone increased percent elongation to 

25%, while reducing tensile strengths, tensile moduli and glass 

transition temperatures Glass transition temperatures for the 

biphenyl based systems ranged from 280-475°C (TMA) and X-ray 

analysis indicated the presence of crystallinity in the polymers 

supporting flexible linkages. Fortunately, the additional sulfide and 

oxygen linkages didn't detrimentally affect thermo-oxidative 

Stability, at least dynamically. 

Around 1970, Yakubovich and coworkers [32,33] published two 

contradictory papers related to the synthesis of high molecular 

weight poly(hydroxy amide)s containing both electron-withdrawing 

and electron-donating o-aminophenol bridging groups. The first 

14



Table 2.2. Structure, cyclization conditions and inherent viscosity's 

of sulfonyl, oxygen and sulfide containing polybenzoxazoles. 

Inherent viscosity's measured in HeSOq at 25°C (0.5%) [31]. 
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"Cyclization carried out at~10 mm Hg. 
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paper [32] reported the generation of high molecular weight 

polybenzoxazoles containing the sulfonyl bridging group when the 

polymerizations were carried out in N-methylpyrrolidinone (NMP), 

but low molecular weight polymer if N,N-dimethylacetamide (DMAc) 

was used. Reasons why NMP should give higher molecular weight 

polymer relative to DMAc were not given. They also noted very high 

inherent viscosity's (~2.0 dl/g) when the polymers was first 

dissolved in N,N-dimethylformamide (5% LiCI,0.5%, 25°C), but 

drastic reduction in the njnh's over a period of several days at room 

temperature (~0.6 di/g). Extensive H-bonding was credited for the 

enormous viscosity’s. The reduction in the ninn's with time was 

rationalized as a disruption in the H-bonding by LiCl. Higher 

inherent viscosity's were also reported with higher initial monomer 

concentrations, a trend also observed in our laboratory. 

Eight months later, Yakubovich [33] published a paper on the 

chemistry of low temperature polycondensation reactions between 

diacid chlorides and bis(o-aminophenol)s in various amide solvents. 

Arguments were made to support the occurrence of transamidation 

reactions between amide solvents and the poly(hydroxy amide)s. _ It 

was proposed that these side reactions were inhibiting the 

formation of high molecular weight polymer. It was further 

suggested that by switch from an amide solvent to tetramethylene 

sulfone, the solvent induced transamidation side reactions could be 

suppressed and higher molecular weights achieved. Some of the 

results supported these claims, but in general the results were 

16



inconclusive. Surprisingly, no mention was made of the earlier 

paper which claimed the synthesis of very high molecular weight 

poly(hydroxy amide)s containing electron-withdrawing bridging 

groups in amide solvents. This fact raises some Suspicion as to 

whether or not high molecular weight polymer was ever achieved 

when electron-withdrawing bridging groups were incorporated. The 

authors also noted the appearance of an ester carbonyl stretch 

(1735 cm-1) when pyridine or triethylamine (TEA) was used as an 

' acid scavenger, but no carbonyl stretch when DMF, DMAc or NMP 

were used. _ Esterification of the hydroxyl groups during 

polymerization was credited for these stretches. 

During this same period of time, a number of international 

patents [34-36] were awarded to Toyo Rayon Co., Ltd, regarding the 

synthesis of linear polybenzoxazoles and poly(benzoxazole imides) 

via low temperature polymerization techniques. 

Polymerization of various other bis(o-aminophenol) monomers 

were reported by Korshak [37,38] and Steinmann [39] using similar 

techniques. Some of the linking groups are shown in Figure 2.3. 

Unfortunately, no data was supplied regarding the molecular weight 

of the poly(hydroxy amide)s, but according to the appreciable njnn's 

of the polybenzoxazoles (0.35-1.45 dl/g, H2SO4, 0.5%, 25°C), 

molecular weights for the PHA's should have been appreciable. 

Dynamic weight loss studies indicated the lactone and lactam 

bridging groups to be less stable than the other linking groups 

investigated, with the lactams being less stable than the lactones. 

17



The order of thermal stability for the polymers containing the 

lactone (phthalide) diacid is as follows: 

ms 
—c—< Cros —CH,— < —o— < — 

| C 
u 

Oo 
CH, 

with the highest onset of degradation in air being recorded at 

~430°C. No glass transition temperatures were reported. 

(£094) 

where R = cy coo 

where xX = — i) —-O-—»? —CH,— ’ —C(CH3).— 

where R’ is an alkyl chain 

Figure 2.3. Polybenzoxazole structures and linking groups reported 

by Korshak and Steinmann [37,39]. 
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Fluorene and methylene linked bis(o-aminophenol)s were also 

polymerized with iso- and terephthaloyl chloride (PBO nspec's = 

0.60-1.34 dl/g, H2SO4, 20°C) [40]. Unfortunately the synthetic work 

was reported in a Russian patent [41] and little data has been found 

regarding the particulars of these polymers. 

HO OH ™ 7 
HO CH, OH 

H,N r 6 NH, 

OO ” -" 

Replacement of the methylene linking group for an oxygen linking 

group results in a pair of isomeric bis(o-aminophenols) [42,43,]. 

Homopolymerizing or copolymerizing these monomers with various 

acid chlorides has resulted in fiber forming polybenzoxazoles (PHA 

Ninh's ~0.8 di/g, 0.5%, 25°C, DMF). Mechanical properties of the oxy- 

bis(3-amino-4-hydroxyphenyl) (4,4'-OAP) isomer polymerized with 

isophthaloyl chloride and oxydibenzoyl chloride are shown in Table 

2.3. Notice the percent elongation increases with incorporation of 

flexible linkages. 

Perhaps the most novel poly(hydroxy amide) introduced by the 

Russians was poly[4,4'-dihydroxy-3,3'-(carboranyleneamido) 

diphenylmethane] [44,45]. This polymer is the condensation product 

of para and m-carboranedicarboxylic acid dichlorides with 4,4'- 
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dihydroxy-3,3'-diaminodiphenylmethane. Other bis(o-aminophenol)s 

were also incorporated into the polymer backbone (Table 2.4). No 

solution or thermal properties were reported for the meta-linked 

Table 2.3. Mechanical properties (20°C) of 4,4'-OAP based 

polybenzoxazoles [42]. 

Acid Tg Ninh? Tensile Percent 

hlori ° | renath (MP longation 

Isophthaloy!| 270 0.85 117.6 15% 

Oxydibenzoyl 240. 0.77 107.8 50% 
  

aPoly(hydroxy amide) njnh's run in DMF at 25°C (0.5%) 

systems due to the inability to achieve high molecular weight. 

Attempts to thermally cyclize the meta-linked poly(hydroxy amide)s 

resulted in simultaneous cyclization and carborane chain cleavage, 

while the para-linked systems were reported to have cyclized 

without degradation Efforts to cyclize both series of polymers in 

polyphosphoric acid failed. 

Adamantane was incorporated into polybenzoxazoles through its 

5,/-dicarboxylic acid chloride [46,47]. Films, melt pressed from the 

poly(hydroxy amide) were colorless and reportedly soluble in water. 

Mechanical properties were slightly lower than wholly aromatic, 

20



Table 2.4. Solution and thermal properties of carborane containing 

poly(hydroxy amide)s and polybenzoxazoles [45]. 

oT N N 
mental C’CL Dahoe 

O O n 

  

Nred® Tg? 5% Wt.Loss¢® Char Yield 

_z (di/a) (°C) (°C) at 900°C 

-GHo- 1.1 320 550 80% 

-C(CH3)o2- 0.4 290 400 88% 

-SOo2- --- 470 470 98% 

-O- 1.0 360 450 90% 
  

aRun in NMP at 25°C (0.5%) 
bBased on thermomechanical curves 

C5% weight loss in air (5°C/min.) 

isotropic polybenzoxazoles. The use of bisorthoesters were 

reported in 1980 by Bansleben and Vog]! [48] to generate PBO's. 

Unfortunately, the instability of the bisorthoesters resulted in low 

molecular weight materials. 

More recently, a number of fluorinated bis(o-aminophenol)s have 

been introduced [49-54]. The characteristic common to all these 

monomers is the presence of a trifluoromethy! linkage. Monomer 

structures are illustrated in Figure 2.4. Attempts to polymerize 

these monomers via low temperature techniques resulted in low 

molecular weight materials in most cases [53-58]. Most of 

literature pertaining to these materials is related to the 

microelectronics industry, where highly fluorinated materials are 
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HO C OH HO C OH 

H,N NH. 2 CF, CF, 2 

wom CF, CF, 

3,3' and 4,4'-diamino 

Figure 2.4. Fluorinated bis(o-aminophenol)s 

desired. Glass transition temperatures range from 200°C to greater 

than 400°C, solubility in general is enhanced and in some cases, 

thermoformable materials are realized. The thermo-oxidative 

stability of these materials are very similar to wholly aromatic 

materials, indicating incorporation of the hexafluoroisopropylidene 

group has a negligible effect on thermal stability. 

It was mentioned previously that Culbertson [23,24] was the 

first to report the synthesis of polybenzoxazole containing 

alternate heterocyclic ring systems. Since that disclosure, 

numerous other heterocyclic ring systems have been incorporated 

into the polybenzoxazole backbone, in both a random and alternate 

fashion. The following section will review some of the efforts 

made in this area. It should be emphasized that only 

polybenzoxazole copolymers made via low temperature amidation 

reactions, with subsequent thermal cyclization will be discussed at 

22



this time. Discussion of polybenzoxazole copolymers formed via 

preformed benzoxazole monomers will be delayed until Section 2.7. 

Initial efforts to synthesize polybenzoxazole copolymers were 

made by Korshak and coworkers [59-61] in the late 1960's. 

Combining various ratios of bis(o-aminophenol)s, diamines, acid 

chlorides and PMDA in polar aprotic solvents at 20°C resulted in low 

to moderate molecular weight substituted polyamides. Subsequent 

cyclodehydration at elevated temperatures generated brown films of 

random poly(benzoxazole imide) copolymers. It was mentioned that 

high PMDA concentrations yielded higher viscosity's and superior 

films. The structures of some of the copolymers are illustrated in 

Figure 2.5. 

O O 

N 

| \—x 
O O O OH HO O n 

where R = ot: —O—? —CH,— ’ —C(CH;),— 

where X = [ E ~< )- 

Figure 2.5. Structures of random poly(benzoxazole imide) 

copolymers [59]. 

Yakubovich [62] reported the synthesis of block copolymers 

containing benzoxazole and imide functionality's in the late 1960's. 
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Copolymerizing amine terminated oligomers of 3,3'-dihydroxy- 

- benzidine and terephthaloyl chloride with amine terminated 

oligomers of 4,4'-oxydianiline and pyromellitic dianhydride (PMDA) 

in the presence of excess PMDA reportedly resulted in carboxy and 

hydroxy substituted block polyamides. Subsequent cyclodehydration 

generated block poly(benzoxazoles imide) in good yields. It was 

found that higher molecular weights could be achieved with higher 

imide content and the presence of TEA or pyridine hampered the 

' polymerization of PMDA. Thermal treatment of polymer films at 

200°C resulted in imidization only and it wasn't until the films 

were exposed to 400°C, that benzoxazole formation was complete. 

The segmented poly(benxzoxazole imide) copolymer structure is 

illustrated in Figure 2.6. Moderate to high molecular weights were 

achieved in nearly all cases. Tensile strengths varied from 127.4- 

166.6 MPa and elongation at break varied from 4-20%. 

vosand 
Aco    

Figure 2.6. Structure of segmented poly(benzoxazole imide) [62]. 
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Yoda and coworkers [63,64] generated hydroxy substituted 

dianhydrides by reacting trimellitic anhydride with various bis(o- 

aminophenol)s and regenerating the anhydride functionality. 

Subsequent polymerization with diamines and cyclodehydration at 

elevated temperatures resulted in poly(benzoxazole imide) 

copolymers. Alternatively, polymerization of the acid chloride 

derivative of trimellitic anhydride with 3,3'-dihydroxybenzidine 

resulted in substituted polyamides of similar structure. Under 

these conditions, a 5% excess of trimellitic anhydride was required 

due to the proposed loss of acid chloride functionality in the 

presence of triethylamine or pyridine. Mechanical properties and 

thermal stabilities were very similar to the block copolymers 

reported by Yakobovich [62]. 

Reversing the order of addition, Preston [65] generated acid 

chlorides from 4,4'-oxydianiline and trimellitic anhydride. The acid 

chloride analog of the condensate of trimellitic anhydride and p- 

aminobenzoic acid was also reported. Polymerization of these 

monomers with 3,3'-dihydroxybenzidine followed by thermal 

treatment resulted in poly(benzoxazole imide) copolymers. Fibers 

spun from poly(hydroxy amide)/DMAc solutions and heat treated 

exhibited moderate mechanical properties at room temperature 

(tensile moduli = 36-64 g/den., tenacity = 1.4-2.2 g/den and 

elongation = 10-22%), but surprisingly good mechanical properties 

were observed after aging at 300°C for 35 days (tensile moduli = 
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37-79 g/den., tenacity = 1.5-1.8 g/den and % elongation = 2-11%). 

Thermo-oxidative stabilities were apparently excellent. 

Adamantane containing poly(benzoxazole imide)s have been 

generated by coreacting 3,3'-dihydroxybenzidine and an adamantane 

containing diamine with trimellitic anhydride, followed by thermal 

cyclodehydration [66]. Stephenson and coworkers [67] generated 

poly(sulfone benzoxazole) resins by coreacting bis[4-(3-chloro- 

carbonylphenoxy)phenyl]jsulfone, its nadic dicapped derivative and 

3,3'-dihydroxybenzidine in DMAc. Application of heat resulted in the 

generation of 3-dimensional networks. Soluble, fluorinated 

poly(benzoxazole imide)s have been synthesized by condensing 2,2- 

bis[3-(4-amino)-benzoylamino-4-hydroxyphenyl)hexafluoropropane 

O O 
ul ll 

wn—_\—C—un cr, na—C—{ Nii, 

wot eC po CF, 

with various dianhydrides and cyclizing via thermal treatment [68]. 

Poly(ester benzoxazole)s have also been synthesized by condensing 

2-(4-hydroxypheny])-5-amino-4-hydroxybenzoxazole with 

isophthaloyl chloride followed by thermal cyclization at elevated 

temperatures [69]. 

In addition to the low temperature polymerization of acid 

chlorides with bis(o-aminophenol)s to generate polybenzoxazoles, 

numerous other examples of low temperature polymerizations of 

alternate monomers have been reported. Shono and coworkers 
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[70,71] synthesized chloro-substituted polyamides, which upon 

exposure to ammonia/KNHo or heat result in polybenzoxazoles. 

Polyesteroximes, synthesized from bis(carbohydroxamoyl chloride)s 

and bisphenates were reported to cyclize to polybenzoxazoles upon 

exposure to p-toluenesulfonic acid [72]. Costanza [73] and Korshak 

[74,75] were able to generate polybenzoxazoles via reductive 

cyclization of poly(o-nitro ester)s. Treatment of dicarboxylic acids 

with bis(o-methoxy isocyanate)s at 90°C, followed by thermal 

treatment, also yielded polybenzoxazoles [76]. Similarly bis(o- 

aminoanisole)s can be reacted with acid chlorides and thermally 

cyclized to polybenzoxazoles [79,80]. PBO films of monolayer 

thicknesses have been formed by reacting aromatic alkylaldimines 

with hydrochloride salts of bis(o-aminophenol)s, followed by 

thermal cyclization [79,80]. 

2.3. Melt Polymerizations 

Simultaneous patents by Brinker and Stephens [11,82] reported 

the use of melt polymerizations to generate aliphatic 

polybenzoxazoles. Reacting bis(o-aminophenol)s with aliphatic 

dicarboxylic acids or self-condensation of m@—(o-aminohydroxy- 
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phenyl)aliphatic carboxylic acids resulted in melt processable 

materials with desirable mechanical properties. 

In 1965, Moyer, Cole and Anyos [21] extended this work to 

include aromatic acid chlorides and wholly aromatic AB monomers. 

CO,H H,N ,CO,H “OY 

HO H,N 

A general polymerization scheme is outlined in Figure 2.7. The 

authors examined a variety of carboxylic acid derivatives and found 

that phenyl esters give superior results, but even with this 

functional group, loss of monomer due to sublimation was a problem. 

HO,C—Ar—C0O,H -4n H,O 

+ ae 0, _ oy — ar 
HN NH, NO c ‘-N n 

wo >a) 

Figure 2.7. General polybenzoxazole melt polymerization scheme. 

Reaction emperatures ranged from 220-330°C, depending on polymer 

structure. The reaction mixture typically went through a 

homogeneous solution stage followed by solid state polymerization. 

Application of vacuum at the end of the reactions to further drive 

the equilibrium towards poly(hydroxy amide) had little effect on 
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molecular weight. Representative polymers, reaction conditions and 

Ninh 's are outlined in Table 2.5. 

Table 2.5. Polybenzoxazoles derived from comonomers via melt 

polymerization [21]. 

Reaction Reaction a  olubility 
Time Temp. "inh in H,SO, 

Polymer Repeat Unit (hr) (°C) (di/g) % 

  

ACT CO 6 300-330 043 99% 
O O n 

ACT OCT 24 250-330 0.93 ~ 100% 
O O n 

“TICL 48 280-310 0.20 75% 

Ae SOx 26 —«- 220-280 0.25 77% 

*Run in H,SO, at 25°C (0.2%) 

The AB monomers failed to form high molecular weight polymer 

using the above mentioned melt polymerization techniques and 

therefore were prepolymerized using an indirect SOCl2 catalyzed 

polymerization technique. The phenyl ester/aminophenol endcapped 

oligomers prepared by this technique were subsequently chain 

extended and cyclized using the melt polymerization process. In 

general, the polymers were found to be infusible and insoluble in all 

organic solvents and, in some cases, crystallinity was observed. 
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Chemical and thermal stability tended to increase with molecular 

weight, but all polymers were reported to be very thermally stable. 

At nearly the same time, Korshak and coworkers [60,61,83] 

reported on a series of aliphatic and aromatic polybenzoxazoles. 

Using similar polymerization techniques, the authors were able 

generate polybenzoxazoles with enhanced solubility and good 

thermal stability. Figure 2.8 and Table 2.6 exhibits some of the 

structures and properties associated with these polymers. The 

majority of thermal characterization carried out on these polymers 

was limited to dynamic thermal gravimetric analysis. The polymers 

containing aliphatic or oxymethylene linkages started to degrade at 

temperatures as low as 200°C, while the polymers containing the 

fluorene or -C(CH3)x(Ph)y- (where x or y=0-2) bridging groups 

showed enhanced thermal stability with degradation commencing at 

temperatures higher than 300°C. 

In 1970, Kokelenberg and Marvel [84] reported the synthesis of 

poly(5,5'-bibenzoxazole-2,2'-diyl-1,5-anthrylene) via the melt 

polymerization of dipheny! 1,5-anthracenedicarboxylate and 3,3'- 

diaminobiphenol. Polymer structures was confirmed by IR spectro- 

scopy and elemental analysis. Additionally, the polymer was only 

soluble in sulfuric acid and exhibited degradation onset around 

420°C. Six years later, Breed and Wiley [85] synthesized siloxane 

modified polybenzoxazoles via melt polymerizations. Incorporation 

of the siloxane functionality was accomplished by polymerizing the 

3,3'- and 4,4'- isomers of diphenyl(1,1,3,3,-tetraphenyldisiloxane)- 
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dibenzoate with 3,3'-dihydroxybenzidine. Final polymerization 

temperatures ranged from 300-325°C and the resulting polymers 

eye 
where Z = —C(CH,),— ’ O 

I 
@) aqp o 

where R = _-H (1), -CH3 (2), -Cl (3) 

where X = —(CH,);—’ —(CH,)4— , —CH,~O-CH,— ” 
(a) (b) (c) 

TC C >) C) O « ) ll \ 
9 5 Oo 

(d) (e) (f) (g) 

Figure 2.8. Polybenzoxazole structures reported by Korshak [60]. 

Table 2.6. Solution and thermal properties of the polybenzoxazoles 

displayed in Figure 2.8 [60]. 

  

Polymer Degradation 

Structure Nred? Onset Temp. 

(Z-R-X) (di/q) (°C) Morphology. 

l-1-a 0.38 ~420 Amorphous 

l-1-b 0.32 ~420 Amorphous 

l-1-c 0.186 ~250 Amorphous 

l-1-d 0.15 ~500 Amorphous 

l-1-e 0.16 ~500 Slightly 

Crystalline 

(continued on next page) 
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(continued from the previous page) 

|-1-f 0.21 ~420 Amorphous 

l-1-g 0.12 ~450 Amorphous 

|-2-a 0.34 ~300 Slightly 

Crystalline 

|-2-b 0.32 ~400 Slightly 

Crystalline 

|-2-c --- ~200 Amorphous 

|-2-d 0.18 ~400 Amorphous 

|-2-e 0.17 ~400 Amorphous 

|-2-f 0.20 ~300 Amorphous 

|-2-g 0.15 ~300 Amorphous 

ll-1-a 0.176 ~330 Amorphous 

ll-3-a --- ~280 Amorphous 

I1-3-b --- ~220 Slightly 

Crystalline 

ll-3-c --- ~250 Amorphous 

Il-3-d --- ~180 Amorphous 
  

aRun in chloroform at 20°C (0.5%) 

bRun in sulfuric acid at 20°C (0.5%) 

were soluble in pyridine and N-methylpyrrolidinone. Inherent 

viscosities, measured in pyridine (concentration and temperature 

not reported), ranged from 0.17-0.38 dl/g, Tg's of the 3,3'- and 4,4'- 

PBO's were 160°C and 221°C respectively and both polymers showed 

less than 4% weight loss at 500°C in air (1.25°C/min). 

More recently, Painter and coworkers [86,87] described the 

synthesis of polybenzoxazole-polybenzimidazole block copolymers 

via melt polymerization. Condensing 3,3'-dihydroxybenzidine with 

an excess diphenyl isophthalate resulted in phenyl ester terminated 
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polybenzoxazole oligomers which were subsequently condensed with 

polybenzimidazole oligomers in the melt. Reaction temperatures of 

375°C or greater were required. The resulting materials were 

reported to be brittle solids which possessed 10% weight losses in 

No of 627°C. Polybenzoxazoles from the melt polymerization of 

aromatic aminophenols and aromatic dialdehydes have also been 

reported [88]. 

2.4. Synthesis of Polybenzoxazoles in Poly- 

phosphoric Acid 

The use of low temperature polymerizations for the synthesis of 

polybenzoxazoles has resulted in a large number of structural 

variations in the polymer backbone, as well as an interesting 

number of copolymers. Unfortunately, the drawbacks associated 

with this technology (e.g., high cyclization temperatures, inert 

cyclization atmospheres, shrinkage during cyclization) have 

hampered its widespread application. In an effort to circumvent 

these difficulties, Imai [89,90] implemented the use of 

polyphosphoric acid (PPA) as a condensation/cyclization media in 

the synthesis of polybenzoxazoles. Polyphosphoric acid was 

selected as a solvent because of its ability to catalyze carboxylic 

acylation reactions, in addition to its non-oxidizing nature and 
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ability to act as a dehydrating agent. In the synthesis of polyben- 

zoxazoles, it has been proposed that PPA activates carboxylic acid 

groups toward nucleophilic substitution (hydroxyl groups being the 

nucleophile), as well as trapping the water formed during the 

condensation and cyclization process [89]. Additionally, poly- 

phosphoric acid was shown to be an excellent solvent for the 

resulting polymers. 

Imai chose 3-amino-4-hydroxy benzoic acid and its isomer, as 

well as 3,3'-dihydroxybenzidine and iso- or terephthalic acid as 

monomers in his initial work. The resulting polymers were only 

soluble in sulfuric acid, possessed inherent viscosities of 0.40-2.21 

di/g (H2SO4, 0.20%, 30°C) and exhibited some crystallinity. Onset of 

thermal decomposition in air was approximately 450°C. 

Yokoyama and coworkers [91] reported using PPA as a 

polymerization solvent in the synthesis of phosphorus containing 

polybenzoxazoles of the following general structure: 

o os (\3 

Ry GrOronk 
R = H, CH, 

The solubility of these polymers was enhanced, but improvements in 

flame retardancy were negligible relative to the polymers reported 

by Imai. Thermo-oxidative stability also proved inferior. The 
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reason for the poor properties exhibited by these polymers may lie 

in the fact that only low molecular weight materials were obtained. 

Phenoxaphosphine oxide dicarboxylic acid has also been incorporated 

oO 

wooc- I coon 

CS" 
into polybenzoxazoles using PPA [92,93], but like the above 

mentioned phosphorus containing polymers, low molecular weight 

material resulted. The thermo-oxidative stability of these . 

polymers proved superior to the previously mentioned phosphorus 

containing polymers, but inferior to polyimides of analogous 

Structure [94]. 

Korshak and coworkers [95] described the synthesis of 

benzimidazole substituted polybenzoxazoles via the ring opening 

polymerization of cyclic lactams. Bis(o-aminophenol) comonomers 

: O 

cio 

containing oxygen, methylene and sulfonyl linking groups were 

polymerized in PPA with 3,3'-dihydroxybenzidine. Judging from the 

35



reduced viscosities and the low 10% weight loss values (in air), the 

polymers must have been of low molecular weight. Glass transition 

temperatures ranged from 290-370°C, with the PMDA based system 

being the highest. Surprisingly, the authors reported these 

materials to be soluble in DMAc, NMP, m-cresol and hexamethyl- 

phosphoramide (HMPA) at elevated temperatures. 

Wolfe [96] attempted the polymerization of 2,5-diaminohydro- 

quinone with various dicarboxylic acids in PPA, but due to the 

oxidative instability of 2,5-diaminohydroquinone's in the reaction 

mixture, only low molecular weight species were recovered. 

The limited number of references cited above suggests that 

little research was conducted relative to the synthesis of 

polybenzoxazoles in polyphosphoric acid prior to the late 1970's. It 

should be mentioned that a number of workers reported using PPA as 

a cyclization media for polybenzoxazoles, but it wasn't used as a 

condensing or polymerization medium [12,37,84]. This trend of 

avoiding the use of PPA changed in the late 70's with the realization 

that wholly aromatic, rigid rod polymers could be synthesized in 

polyphosphoric acid [97-100]. 

In a series of papers which followed the original disclosures, 

Wolfe, Arnold and others [101-104] outlined in detail, the synthetic 

methodology required to generate high molecular weight 

polybenzoxazoles. Some of the monomers used are displayed in 

Figure 2.9. A typical reaction procedure consisted of first preparing 

a 1.52/1.0 (w/w) solution of phosphorus pentoxide and PPA, adding a 
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bis(o-aminophenol) dihydrochloride salt and diacid, 

dehydrochlorinating at ~90°C for an extended period of time and 

finally raising the temperature to ~200°C over the course of several 

days. Typical reaction concentrations ranged from 2-15% solids. 

The resulting polymers possessed intrinsic viscosities ranging from 

0.60-12.7 di/g in methanesulfonic acid at 30°C. The lower [n]'s 

were obtained on polymers with meta linked diphenoxy linkages and 

this was attributed to acylation side reactions. Two ether linkages 

meta to one another on the central phenyl ring provide the correct 

reaction geometry, as well as the enhanced electrophilic character 

to undergo Friedels-Craft acylation reactions with carboxylic acids. 

NH,*Cr CI*H,N 

HO OH 

where X = COOH, CN, COCI, CO,CH, 

R = H or Phenyl 

Figure 2.9. Monomers used in the synthesis of polybenzoxazoles. 
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It was found, in general, that phenylated and oxygen linked 

polymers were more soluble, but solubility was still limited to 

acidic solvents. Dynamic and isothermal thermal properties of 

these materials were excellent, with the least substituted polymer 

(cis PBO) out performing the substituted analogs (onset of degrada- 

tion was greater than 550°C). It should be pointed out that only the 

cis PBO 

polymer synthesized with 100% terephthalic acid formed a liquid 

crystalline state when dissolved in methanesulfonic acid (5% 

solids). This observation will be further described in the following 

section. Mechanical properties obtained on dry-jet wet spun fibers 

are shown in Table 2.7 [105]. 

During these initial efforts to synthesis high molecular weight 

polybenzoxazoles, the critical importance of the P2QOs5s concentration 

in the polymerization mixture was recognized. It was observed that 

with higher P2Os concentrations, a higher percentage of polymer 

could be dissolved in the polymerization mixture and higher 

molecular weights could be achieved. Unfortunately, higher 

concentrations of P2Os at the beginning of the polymerization also 

meant monomer solubility, as well as dehydrochlorination, was 

hindered. Recognition of these facts resulted in the development of 
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Table 2.7. Cis polybenzoxazole fiber spinning parameters@ and fiber 

properties [105]. 

  

Coagulation Jet Spin 

Bath Velocity Draw Elong. Tenacity Mod. 

—_MSA/H20 m/min Ratio .%  g/den. g/den, 

30/70 4.5 1.4 1.4 4.2 502 

40/60 6.3 1.1 2.4 3.4 340 

40/60 6.3 1.0 6.6 2.3 132 

50/50 6.3 <1.0 8.7 1.3 81 
  

@Polymer [n]2°°© = 2.8 di/g in MSA; dope concentration, 8.6% in 97.5% 
methanesulfonic acid and 2.5% chlorosulfonic acid; dope and coagulation bath 
temperatures, room temperature; spinneret, 10 X 100 ym. 1 g/den 
(gram/denier) = 12,800 p psi; 1 GPa = 145,000 psi. 

an incremental addition technique for the Po2Os, thereby maintaining 

monomer solubility, an adequate rate of dehydrochlorination and 

high polymer concentrations. This incremental addition of 

phosphorus pentoxide has become known as the "P2QOs adjustment 

method" [18,106]. The advent of the PoOs adjustment method 

allowed for the generation of high molecular weight ([n]~10-30 

di/g, 25°C, CH3S03H) rigid rod polymers, as well as the synthesis of 

liquid crystalline polymerization mixtures; an important criteria 

for the preparation of high molecular weight polymers and high 

strength fibers [104]. 

AB monomers (3-amino-4-hydroxy benzoic acid and its isomers) 

could also be polymerized to high molecular weights, but required 

the use of higher monomer and P2Os concentrations [107]. Higher 
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polymer concentrations (~14% solids) were required because poly- 

(2,5-benzoxazole) has a catenation angle of 150° (angle between the 

two exocyclic bonds in the monomer repeat unit) and therefore 

OD 

assumes a variety of chain conformations in solution [108]. 

Increasing the polymer concentration, forces the polymer into its 

energetically favored extended or trans conformation and as a 

result, anisotropic reaction mixtures were achieved. Note that ~14 

% solids were required to achieve an anisotropic reaction mixture 

compared to only 5% solids for the rigid rod polymers. Higher P205 

concentrations were also required to scavenge the extra water 

evolved. For a detailed review of the Po2Os adjustment method see 

references 18 and 106. 

Processing these polymers usually involved dry-jet, wet 

extrusion of polymerization mixtures, followed by thermal 

treatments under tension. The extension and heat treatments were 

required in order to achieve optimal mechanical and thermal 

properties [109,110]. Polybenzoxazole ribbons and fibers generated 

by this process exhibited outstanding thermal and mechanical 

properties. Isothermal aging (371°C in air) of heat treated 

poly(2,5-benzoxazole) (2,5 PBO) and poly(benzobisoxazole-2,6-diyl- 

1,4-phenylene) (cis PBO) fibers resulted in weight losses of 8 and 
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12%, respectively, after an initial 12% weight loss due to water. 

Mechanical properties of fibers spun from anisotropic solutions are 

shown in Table 2.8. Note the extremely high tensile moduli and 

strengths of these fibers relative to previously reported mechanical 

properties (tensile moduli and strengths of 2-4 GPa and 120-160 

MPa respectively). 

Table 2.8. Mechanical properties of 2,5 PBO and cis PBO after 

various thermal and tension treatments [18]. 

  

  

AB PBO-1 AB PBO.2 AB PBO-2 PBO.3 PBO-4 

Spinning conditions . 

spin—draw ratio 6.6:1 145:1 100:1 6:] 53:1 
spin temp, °C 65 90. 90 63- 70 
air-gap distance, em 32 21 21 21 20.3 
jet dia, mm 0.38 0.25 0.25 0.38 0.25 

Spun-fiber properties 

tensile strength, GPa‘ 2.34 3.6 2.83 3.0 3.12 
tensile modulus, GPa‘ 41-96 133 61 90 303 
strain at break, & na 3.3 48 - 4.2-6 na 
fiber dia, um na na 21 33 na 

Heat-treatment conditions . 

temp, °C 500 400 500 450 500 
time, s 60 30 60 30 30 
stretch factor, & 7.5 4.4 na 2 2.5 
atmosphere nitrogen nitrogen nitrogen air air 

Heat-treated fiber properties 

tensile strength, GPa‘ 2.34 3.34 3.45 3.1 3.6 
tensile modulus, GPa‘ 136 115 317 410 467 
strain at break, & na 3.6 1.8-2.4 na na 
fiber dia, um na na 31 na na 
  

The phenomenal thermal and mechanical properties of the 

polybenzoxazoles discussed above have not gone unnoticed by 

industry. Currently there are 4 major efforts in this area, Dow 

Chemical Co., Wright Patterson Materials Laboratory, SRI Industries 

and the Research Development Corporation of Japan. Because of the 

industrial importance of these materials, external publications 
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regarding the effect of variations in polymer structure on physical 

behavior have been limited. 

Structural modifications of these polymers have been conducted 

with the purpose of improving solubility and modifying the 

properties of fabricated articles. Altering the polymer backbone by 

incorporating a certain percentage of meta _ linked dicarboxylic acid 

where X = COOH, CN, COCI 

derivatives has resulted in ordered reaction mixtures, but hasn't 

produced an appreciable increase in solubility [111,112]. Using 

stoichiometric quantities of the meta linked monomers resulted in 

low molecular weight polymers as judged by their low inherent 

viscosities. Incorporation of a large quantities of terephthalic acid 

comonomer allowed for the preparation of high molecular weight 

polymer (ninh = 1.4-7.6 di/g (CH3SO3H, 0.2%, 25°C). Solution 

concentrations of 11% were required during these copolymerization 

in order to maintain stir opalescence throughout the polymerization. 

Unfortunately, the authors only reported the polymerization of the 

pyridiny! monomer with 2,5-diamino-1,4-benzenedithiol 

dihydrochloride and not with 2,6-diaminoresorcinol dihydrochloride. 

Isothermal aging of the copolymers at 300°C and 371°C gave results 

similar to those obtained on cis PBO (Figure 2.10). This should not 

be unexpected considering most of the polymer was cis PBO. Tensile 
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strength and moduli values obtained on films cast from methane- 

sulfonic acid ranged from 5.8-6.9 ksi and 259-351 ksi respectively. 

  
    

Figure 2.10. Isothermal aging curves for biphenyl modified cis PBO 

and cis PBT at 371°C in air [111]. 

A series of papers by Arnold and coworkers [113-117] have 

described the synthesis of monomers and polybenzoxazoles 

containing pendent aromatic moieties (Figure 2.11). Initial work 

with phenoxy phenyl substituted dicarboxylic acids was directed at 

synthesizing soluble para catenated polymers, but only low 

molecular weight species were recovered from the polymerizations. 

Initially it was thought that the pendent phenoxy moieties were 
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Figure 2.11. Various substituted dicarboxylic acids [113-117]. 

interfering with the condensation process, but subsequent 

investigations identified the insolubility of the phenoxyphenyl 

dicarboxylic acids as the limiting feature of the polymerization 

[115]. This led to the synthesis of polyphosphoric acid soluble 

benzoxazole and benzothiazole substituted dicarboxylic acid 
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monomers. Polymerizations carried out using the dicarboxylic acid 

with one pendent benzathiazole and 2,6-diaminoresorcinol 

dihydrochloride resulted in anisotropic reaction mixtures at 10-18% 

solids. The polymer ([n]23°° = 4.5 dl/g, CH3SO3H) exhibited 

solubility in protic solvents, possessed no glass transition 

temperature (DSC or TMA) and showed inferior thermal properties 

relative to cis PBO. The premature thermal degradation was 

attributed to the loss of pendent benzothiazole linkages. 

In contrast, polymerizations conducted with dicarboxylic acids 

bearing two benzothiazolyl phenyl substituents and 2,6-diamino- 

resorcinol dihydrochloride afforded high molecular weight polymer 

([n]25°C = 7.7 di/g, CH3SO3H). Low reaction concentrations (~1%) 

were required to keep the polymers in solution and attempts to 

promote anisotropy in the reaction mixture by increasing percent 

solids resulted in premature precipitation of low molecular weight 

material. It was postulated that the long benzothiazolyl pendent 

groups prevented alignment of the polymers in solution and resulted 

in isotopic polymerization mixtures. Thermal properties of these 

materials were similar to the previously mentioned benzathiazole 

and phenoxy substituted polymers. 

Dicarboxylic acids supporting pendent methyl! groups were also 

investigated by Arnold [118,119]. The rationale behind using 

pendent methyl groups was to enhance mechanical properties, 

especially the transverse and compressive properties via network 
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forming post-reactions in the solid state. Both the mono and 

dimethylated derivatives of terephthalic acid were polymerized 

HC H,C 

wo,c-< Cost woye-< Yeo 

CH; 

where X = COOH, CN, COCI 

with 2,6-diaminoresorcinol dihydrochloride in PPA at solids 

concentrations of 12% (anisotropic reaction mixtures obtained). The 

resulting polymers ([n]25°° ~ 10 di/g (CH3S0O3H)) exhibited. solubility 

only in protic solvents. Exposure to elevated temperatures (300- 

350°C) in air for 30 to 40 seconds rendered the polymers insoluble. 

The same results could be obtained in a Ne atmosphere, but only at 

temperatures of 500-550°C. Radiation crosslinking was also 

reported. TGA-MS analysis indicated methane loss initiated at 

420°C and maximized at 580°C. 

Chen and Feld [120] reported polymerizing an oxazole containing 

H,N 

a SK Conn 

HO 0 

AB monomer to moderate molecular weight ([n]80°C = 6.5-12.5 di/g, 

CH3S03H). The final polymer structure was identical to the cis PBO 

polymers generated by Arnold. No thermal or mechanical data was 

reported. Adamantane dicarboxylic acid derivatives were 
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incorporated into polybenzoxazole backbones in an effort to obtain 

colorless, transparent films [121]. Polymerization of the 4,9- 

dimethyl ester with 2,6-diaminoresorcino! dihydrochloride 

generated light yellow, anisotropic reaction mixtures at 14% solids. 

Upon precipitation into water, white fibrous material was obtained 

([n]30°C = 9.8 di/g, CH3SO3H). No thermal, optical or mechanical data 

were reported, but incorporation of adamantane moieties into the 

backbone of polybenzothiazoles eliminated all absorbances in the 

visible and near-infrared regions, in addition to rendering the 

polymer more thermo-oxidatively unstable. 

It was previously mentioned that poly(2,5-benzoxazole) required 

solids concentrations greater than 14% to achieve lyotropic reaction 

mixtures due to the reduced exocylic bond angle in the polymer 

repeat unit. Analogously, Preston and coworkers [122] reasoned that 

incorporation of 2,5-thiophene dicarbonyl chloride would generate 

lyotropic reaction mixtures, albeit at higher polymer 

concentrations. The overall exocyclic bond angle for a thiophene 

modified cis PBO repeat unit is 148°. Polymerizing 2,5-thiophene 

icarbonyl chloride with 2,6-diaminoresorcinol dihydrochloride at a 

fe 

O O 

solids concentration of 20% generated a birefringent (cross polars) 

reaction mixture, but only low molecular weight ([n]39°° = 1.8 di/g, 
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CH3S03H) material resulted. Thermogravimetric analysis of the 

resulting polymer indicated no appreciable weight loss up to 500°C 

in helium. 

Isotropic reaction mixtures (10% solids) were achieved when 

2,2'-bis(4-carboxyphenyl)hexafluoropropane was substituted for 

terephthalic acid in the synthesis of modified cis PBO [123]. As 

expected, the inherent viscosities were reduced with the 

incorporation of the hexafluoropropane linkage (njnh39°° = 0.72 di/g, 

2.0%, CH3S03H), while solubility was slightly enhanced. The 10% 

weight loss in argon was ~550°C and after isothermal aging at 

350°C (air) for 300 hours a 6.6% weight loss was recorded. No glass 

transition temperature was identified via calorimetry. 

Sakaguchi and Kato [124] reported the copolymerization of 3,3'- 

dihydroxybenzidine with 4-aminobenzoic and 3,3',4,4'-biphenyl 

dianhydride in PPA. The resulting benzoxazole imide copolymers 

were only soluble in acidic solvents, possessed an inherent 

viscosity of 0.59 di/g (30°C, 0.5%, H2SO4) and showed a 5% weight 

loss in air of 478°C. 

A modification of the Po2Os adjustment method was recently 

reported by Sato and coworkers [125]. Replacing polyphosphoric 

acid with methanesulfonic acid afforded a condensation/dehydration 

reaction medium (PPMA) very similar to PPA. Use of PPMA as a 

polymerization solvent allows for the added benefit of shorter 

reaction times and lower temperatures. The milder reaction 

conditions were attributed to the enhanced reactivity of PPMA 
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relative to PPA. One drawback associated with PMAA is its ability 

to acylate electron rich aromatic nuclei (in a Freidel-Crafts 

manner) at higher reaction temperatures due to increased acidity. 

Optimum polymerization conditions for the polymerization of 3,3'- 

dihydroxybenzidine and a series of ether linked dicarboxylic acids 

consisted of 5 molar monomer concentrations and heating at 140°C 

for ~4 hours. The structure of the repeat unit and inherent 

viscosities of the polymers synthesized are shown in Table 2.9. Ten 

percent weight losses in air were reported to be ~495°C. 

Table 2.9. Structure, reaction time and inherent viscosities of DHB 

polybenzoxazoles polymerized in PPMA at 140°C [125]. 

LLC} 
Reaction a 

Ar (hr) (di/g) 

pot pot sw 
| gp {po 4s 3 1.3 

Hot) sak 
“Measured at a concentration of 0.2 g/dl in CH3SO3H at 30°C. 
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The PPMA polymerization technique was also used to synthesize 

fluorinated polybenzoxazoles based on 2,2-bis(3-amino-4-hydroxy- 

phenyl)hexafluoropropane (Figure 2.12) [126,127]. Higher reaction 

temperatures (160°C) and 10-15% solids were found to be optimal 

for these particular systems. Much like Sato, the authors reported 

acylation side reactions when electron rich unhindered aromatic 

centers were incorporated into monomers. _ Intrinsic viscosities 

(30°C, CH3S03H) ranged from 0.3 to 7.9 di/g. Glass transition 

temperatures and thermal stabilities are described in section 2.5 

(Table 2.10). 

H,N cr, NH, 

wom CF; 

x O O 
X X X 

CAO 
0. Yo 

where X = COOH, COCI 

Figure 2.12. Monomers incorporated into fluorinated 

polybenzoxazoles via PPMA mediated polymerizations. 
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2.5. PPSE Catalyzed Polybenzoxazole Formation 

An alternate approach to using polyphosphoric acid/P2Os as a 

condensing media in the generation of fully cyclized 

polybenzoxazoles is the use of stoichiometric quantities of 

tris(trimethylsilyl) phosphate (PPSE). Reinhardt [8,127,128] 

pioneered the work in this area with the synthesis of fluorinated, 

i 
Me,SiO am —OSiMe, 

OSiMe, 

thermoplastic polybenzoxazoles containing the hexafluoroiso- 

propylidene bridging group. A typical polymerization consists of 

dissolving stoichiometric amounts of bis(o-aminophenol), aromatic 

dicarboxylic acid and PPSE in o-dichlorobenzene (~25% solids) and 

heating at 135° and 165°C for 24 hours. As indicated, 4 moles of 

PPSE are required [129,130], presumably two moles for the 

condensation and 2 moles for dehydration. Some of the solution and 

thermal properties of the polymers are shown in Tables 2.10 and 

2.11. Mechanical properties for these polymers were similar to 

those obtained by Imai using silylated monomers [7]. 
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Table 2.10. Solution properties of PPSE generated PBO's [127] 

‘OL 
  

        

  

  

  

  

  

  

    

f 

Analysis Ninn OF 6 1 
Polymer Solubility 

Spacer Calc. (Found) | _ Int caver” 
C. 60.01 (59.68) MSA 
H, 2.19 je ow N a a) 2.828 TCE-phenol 

F, 24.77 (23.60) H2S04 
C, 6.01 (59.55) 

~©)>- H, 219( 2.53 
zx N 6094 $80) 2.238 MSA 

F, 24.77 (23.6€0) 
7 C, 57.28 (56.75) 
O H, 197( 213 MSA 

x ow N, o11( $53) 1.828 H2SO4 
F 24.71 (23.59) 
C, 57.28 (56.00) MSA 

O H, 1.97( 229 
4c “Or N, ott $54) 2.188 H2S0s 

F. 24.71 (23.40) 
jw C, 66.82 (66.14) 

<Cj- H. 6.52 ( 6.56) 0.928 CHa 
£ ere N. 363(337)| 0.524 3 

F. 14.75 (14.27) THF 
C, 63.05 (62.82) 

. ~6>--O)- ss | H. 2:55 (268) 1.4386 MSA 
¢ N. 5.07 (5.20) 0.75¢4 H3SO4 

F, 20.64 (20.72) 7.9b¢ CHCI,, THI 
C, 63.05 (62.83) MSA 

—6)~ © H, 2.55 (2,53) 
rT <Q N, 5.07 (4.35) 41> H2S0, 

F, 20.64 (20.70) CHC1,, THF 
C, 65.2 (63.15) 

p | Org OTHER] oo | use + 434 (4.14) CHCA, THF     
  

(a) Inherent viscosity in methanesulfonic acid (0.15 g/dL) at 30°C (403K). 

    
(b) Intrinsic viscosity in methanesulfonic acid at 30°C (403K). 
(c) Prepared in PPSE/g-dichlorobenzene. 
(d) Inherent viscosity in g-dichlorobenzene (0.15 g/dL) at 30°C (403K). 
(e) Prepared in phosphorus pentoxide/methanesulfonic acid. 
(f) Inherent viscosity in} 1 2.2-tetrachloroethane (0.15 g/dL) at 30°C (403K). 
(g) Prepared in 83% PPA. 
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Table 2.11. Thermal properties of PPSE generated PBO's [127]. 

  

  

  

  

  

  

  

  

          

Polymer TZ CC), TGA? CC), (K) ITAS (%) 

i 300 (S73) $32 (805) air 95 
$24 (797) He 

2 382 (655) $33 (806) air 4 94 

525 (798) He 

3 329 (602) $39 (812) air 92 
$28 (801) He 

4 352 (625) $30 (803) air 59 
547 (820) He 

5 94 (367) 414 (687) air sod 
426 (699) He 

§ 301 (574) 564 (837) air _ 

27 266 (539) $35 (800) air -— 

z 245 (518) $45 (818) air _     
(a) Glass transition temperature determined by DSC (AT = 10°C (10K min). 
(b) Extrapolated onset of major decomposition determined in air and/or helium. 
(c) Isothermal aging, weight retention afier 200 h a1 346°C (619K) in circulating air. 
(d) Weight retention after SO h at 346°C (619K) in circulating air. 
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2.6. Polybenzoxazoles from Silylated Monomers 

The first reported use of silylated monomers in the synthesis of 

polybenzoxazoles was made by Korshak and coworkers in a Russian 

patent [131]. Silylated 2,5-diaminohydroquinone was treated with 

various acid chlorides and thermally cyclized to form 

polybenzoxazoles. More recently, Imai and coworkers [7,132,133] 

have synthesized a series of silylated bis(o-aminophenol)s and 

successfully polymerized them with various acid chlorides. .Some 

representative monomers and the polymerization scheme are shown 

in Figure 2.13. Silylation of the amine and hydroxyl groups 

activates the amines toward acylation reactions and deactivates the 

hydroxyl groups. 

Condensation of these monomers with acid chlorides at low 

temperatures produces trimethylsilyl substituted poly(hydroxy 

amide)s and the byproduct, trimethylsilyl chloride. Polymer films 

could be cast directly from the reaction mixture due to the volatile 

nature of trimethylsilyl! chloride and the absence of amine salts. 

Alternatively, the polymers could be precipitated and deprotected 

with dilute acid to generate the precursor poly(hydroxy amide)s. 

Polybenzoxazole films could also be obtained by thermally treating 

these polymers. Inherent viscosities for the poly(hydroxy amide)s 

ranged from 0.62-2.23 dli/g (5%, 30°C, H2SO4). Because Imai used 
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bis(o-aminophenol)s with flexible bridging groups, the PBO's 

exhibited enhanced solubility in common organic solvents. 

Me iHN /NHSiMe — 39 3 -Me3SiCI anascn ofr, NH aria) 

occ 
Mesi0” . ‘osiMe, Me,SiO” \osiMe, 

cloc—Ar~Ccocl -MeOSiMe3, 
MeOH 

N N 0 | HN. NH— Ar! 
Sar’ S— art fom, 250°C fod" ar" arin} 

CH CF 

where Ar = Le et 03 me 

(1) CH, (2) CF; (3) 

mee 8 OO CO tof <4 O- 
b (d) (a) (b) ( > 

Figure 2.13. Silylated bis(o-aminophenol) monomers and 

polymerization, dehydration scheme [7]. 

Unfortunately, most of the polymers were still only soluble in 

sulfuric acid. Glass transition temperatures ranged from 240- 

325°C and 10% weight loss temperatures varied from 500-570°C 

(10°C/min, Table 2.12). The tensile strengths, elongations at break 

and tensile moduli of the films were 43-198 MPa, 2-7% and 2.1-4.5 

GPa, respectively (Table 2.13). Due to the low tensile strengths and 
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low percent elongations, residual solvent or film imperfections are 

suspected. 

Table 2.12. Thermal properties of fluorinated Polybenzoxazoles 

synthesized via the trimethylsilyl monomers [7]. 

Decomposition TempP (°C) 

  
Polymer Tg@ (°C) in_air in nitrogen 

1a 290 570 620 

2a 240 500 530 

3a 260 530 545 

3b 310 545 555. 

3c 325 540 560 

3d 300 545 560 

3e 295 525 530 
  

aDetermined by TMA in air (10°C/min.). 

b10% weight loss (10°C/min.) 

Table 2.13. Mechanical properties of fluorinated polybenzoxazoles 

synthesized with silylated monomers [7]. 

  

Tensile Elongation Tensile 

Strength at break Modulus 

Polymer (MPa) Percent (GPa) 

1a 198 7 4.5 

2a 53 2 2.9 

3c 93 6 2.4 

3d 96 6 2.4 

3e 43 2 2.1 
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Imai extended the silylated monomer technology to include the 

synthesis of poly(amide-benzoxazole)s [134]. Silylation of 2,4- 

diaminophenol, followed by low temperature polyamidation and 

NHSiMe, 

Me,SiHN 

OSiMe, 

Silylated 2,4-diaminophenol 

thermal cyclodehydration resulted in a series of poly(amide 

benzoxazole)s of moderate molecular weight (njinp29°S = 0.62-2.23 

di/g (0.5 g/dl in DMAc)) and fairly good solubilities in common 

organic solvents. Glass transition temperatures ranged from 260- 

300°C (increasing with acid chloride rigidity), and 10% weight loss 

temperatures of 490-535°C in air and 495-590°C in nitrogen 

(10°C/min) were reported. Mechanical properties proved to be 

Superior to analogous polybenzoxazoles with tensile strengths, 

elongations to break and tensile moduli of 104-120 MPa, 7-40% and 

2.1-3.5 GPa, respectively. 

Permeability and permselectivity investigations [135] were also 

determined for some of the above mentioned polybenzoxazoles and in 

general, the PBO's performed similarly to analogous polyimides. 

Fractional free volume measurements revealed that the poly(hydroxy 

amide)s possessed less free volume than fully cyclized PBO's and 

that free volume increased with incorporation of fluorine. This 

increase was rationalized on the bases of increased steric effects 
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and reduced molecular interactions. Selected permeability, 

diffusion and solubility coefficients are presented in Table 2.14. 

Because of the great variety in permeability and permselectivity 

between the various polymers and gases the interested reader is 

referred to reference 135 for details. 

Table 2.14. Permeability (P), diffusion (D) and solubility (S) 

coefficients for polybenzoxazoles at 35°C and 10 atm [135].4 

CF 
COL ETO are Ar =< )-¢{>- FPBO-1 

CF, " cr, | 

FPBO-2 

PE eD- FPBO-3 

STOLE An XpcX p- HFPBO-3 
l n O CH, 

  
Gases FPBO-1 FPBO-2 FPBO-3 HPBO-3 

Ho P 120 24 37 12.5 

D 550 140 230 86 

S 0.22 0.17 0.16 0.14 

CO2 P 6 1 4.7 11.4 2.7 

D 5.9 0.70 1.8 0.51 

S 10 6.7 6.3 5.2 

O2b P 16.4 1.44 3.3 0.78 

D 12 1.6 3./ 1.0 
  

(continued on the next page) 
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(continued from the previous page) 

  

Gases FPBO-1 FPBO-2 FPBO-3  HPBO-3 
S 1.3 0.92 0.88 0.76 

ce) p 4.8 0.34 0.87 0.22 
D 3.7 0.38 1.0 0.31 
S 1.3 0.89 0.86 0.69 

Nod =P 3.4 0.21 0.55 0.12 
D 3.3 0.35 0.93 0.24 
S 1.0 0.61 0.59 0.52 

CHe P 1.60 0.097 0.28 0.086 
D 0.72 0.054 0.17 0.053 
S 2.2 1.8 1.6 1.6 
  

@P is in 10°19 cm? (STP) cm-'s-1 cm Hg-1, D is in 10-8 cm? s-1, and S is in 10-2 
cm’ (STP) cm-3 cm Hg"!. 

bAt 2 atm. 

Kricheldorf also investigated the use of silylated monomers in 

the synthesis of polybenzoxazoles [136]. Utilizing silylated 2,5- 

diaminohydroquinone (A) and various phenyl ether substituted 

terephthaloyl chlorides (B) or 2,6-napthaloyl chloride, dichloro- 

R 

OSiMe, ¢% Me,SHN 

Si 
Me3SiO NHSiMe, coc-X)-coer 

(A) (B) 

methane/trifluoroacetic acid soluble polymers were generated using 

a one-pot polymerization technique. The reaction medium consisted 
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of a mixture of terphenyl isomers (Marlotherm-S®) and all 

cyclization reactions were conducted as suspensions at 350°C. 

Initial polycondensation reactions were carried out at low 

temperatures in NMP, DMAc or Marlotherm. Inherent viscosities of 

the poly(hydroxy amide)s ranged from 0.55-1.77 dl/g (2 g/dl, 25°C, 

CHe2Cle/CH3SO3H (4:1 v/v)), while the polybenzoxazoles possessed 

nNinh's of 0.66-1.19 di/g (2.0 g/dl, 25°C, CH2Cle/CH3SO3H (4:1 v/v). 

No thermal transitions were detected by calorimetry experiments 

and degradation onsets were around 400°C (10°C/min). 

Crosslinkable polybenzoxazole resins have been prepared by 

condensing silylated 2,2-bis(3-amino-4-hydroxyphenyl)hexa- 

fluoropropane with p-phenylenediacryloy! chloride and benzophenone 

dicarbony! chloride [81]. Irradiation of the precursor resins with 

365 nm light resulted in crosslinked polybenzoxazole systems. 
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2.7. Polybenzoxazoles from Benzoxazole Monomers 

To circumvent the problems associated with using undesirable 

solvents such as polyphosphoric acid or methanesulfonic acid and 

thermal cyclization techniques, a number of researchers have opted 

to preform the benzoxazole moiety in the monomers and 

subsequently conduct the polymerizations. As one would imagine, a 

large variation in monomer structure, as well as polymerization 

methodologies are possible depending on the nature of the functional 

groups attached to the benzoxazole heterocycle. The following 

sections will summarize these efforts with respect to monomer 

type and polymerization methodology, in addition to commenting on 

polymer properties. 

2.7.1. Polybenzoxazoles via Nucleophilic Aromatic 

Substitution 

Formation of polybenzoxazoles via nucleophilic aromatic 

substitution reactions is analogous to typical poly(arylene ether) 

syntheses [2], except for one notable exception, the nature of the 

activating group. Usually the activating group is an electron- 

withdrawing bridging group such as a carbonyl, sulfone or phosphine 

oxide, but Hedrick and coworkers [9,137,138] successfully 

demonstrated that an electron-deficient oxazole rings could 

mediate nucleophilic aromatic substitution reactions. The rationale 
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for facile nucleophilic aromatic substitution from a benzoxazole 

substituted benzene ring was 2-fold: (1) The electron-deficient 

oxazole ring has the effect on SpjAr2 reactions as an electron- 

withdrawing group and (2) a Meisenheimer complex is formed in the 

transition state and stabilizes the transition state via 

delocalization of the negative charge into the oxazole ring. 

O 
N 

ar + rt \~ O —— X=) 
O F oO 

©. 
F 

N 

O 

To take advantage of the electron-withdrawing nature of the 

oxazole ring system, the activated halide must be bound to the 

oxazole ring or reside on a phenyl ring directly attached to the 2 

position of the oxazole ring. If the halide is attached to a phenyl 

ring, it must occupy the para position to be sufficiently activated 

towards nucleophiles. Some of the monomers reported by Hedrick 

and Maier [138-140] are shown in Figure 2.14 

Polymerization of these monomers followed along the lines of 

now standard poly(arylene ether) methods [141], that being 

formation of the phenate with weak base (K2CQO3), dehydration with 

various azeotroping solvents, followed by activation and further 
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Oy OC) Oo CF; O 

N N 

oNFy YO 

CF, N O F 

HOKE Oo N" ‘cr, 

Figure 2.14. Activated dihalide benzoxazole monomers. 

F 

polymerization at elevated temperatures (Figure 2.15). N-methyl- 

pyrrolidinone and N-cyclohexylpyrrolidinone were solvents of 

choice, while toluene was chosen as the azeotroping solvent in 

Hedricks work. Maier reported using triethylamine in DMAc or NMP 

due to potential hydrolysis side reactions of the highly activated, 

trifluoromethyl substituted oxazole nuclei. In general, all the 

polymers stayed in solution during the polymerization process, 

viscosity increases were mentioned and the resulting polymers 

N 1 ORTH + otro O O 

NMP, Toluene 
145°C for 8 hours 
165°C for 12 hours 

N N 

O O n 

Figure 2.15. SnAr2 polymerization scheme. 
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displayed [n]'s (0.51-1.05 di/g in NMP at 25°C) and <Mp> (9,000- 

26,000 g/mole) representative of high molecular weight polymer. 

Both groups reported improvements in solubility relative to 

traditional polybenzoxazoles, but only Hedrick's PBO's maintained 

superior thermo-oxidative stability (decomposition around 500°C). 

Maier reported decomposition beginning at 300°C and proposed that 

the trifluoromethyl substituent activates the oxazole ring to 

undergo a thermally induced, reverse cycloaddition reaction; the 

products being a nitrile and a ketocarbene. Glass transition 

temperatures ranged from 136-191°C for Maier's materials .and 

213-300°C for Hedrick’s. Mechanical properties on Hedrick's 

polymers approached those of polybenzoxazoles more than 

poly(arylene ether)s (moduli~2.2 GPa, tensile strength ~70-80MPa, 

elongation.~4-25%) Unfortunately, all the polymers exhibited 

stress cracking when exposed to certain solvents. 

Rather than incorporating the halide functionality into the 

benzoxazole and polymerizing with various bisphenols, Smith et al. 

[142] reversed the functionality's and utilized bisphenols containing 

the benzoxazole moiety. Thermal and mechanical properties (Table 

2.15) were similar to those reported by Hedrick. 

Reacting the above mentioned biphenyl based dihalides with 

meta and p-aminophenol under SnAr2 conditions, Hedrick and 

coworkers [143,144] synthesized two novel benzoxazole containing 

diamines. Copolymerization of these diamines with pyromellitic 

dianhydride and varying percentages of 4,4'-oxydianiline afforded 
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Tables 2.15. Thermal and solution properties of various poly(ary! 

ether benzoxazole)s [142]. 

  

oO CF, oO 
% I @ STOLE K-02) Ar-Cy-0-e 

CF, 

a Percent Wt. 

Ninh T Loss at 450°C 
Ar (dl/g) °&) air N2 

oO 

tt 0.86 285 0.78 0.71 

—so,— 0.67° 254 0.89 0.52 

Oo Oo 

“vy 0.40 227 3.13 2.06 

-c c— 0.922 249 213 0.68 

  

4inherent viscosity measured in DMAc at 25°C (0.5%). 

‘inherent viscosity measured in NMP at 25°C (0.5%). 

  

a Percent Wt. 
Ninh T Loss at 450°C 

Ar (di/g) cc) air Np 
Oo 

_ 0.50 249 (425) 5.30 1.03 

—so,— 0.40 247 3.45 3.60 

" 1.04 215 (373) 252 0.76 
ere : a 

“GRD ES 0.40 237 (405,446) 5.53 2.56 
  

‘inherent viscosity measured in DMAc at 25°C (0.5%). 
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poly(amic acid)s. Poly(imide benzoxazole)s were formed by casting 

the poly(amic acid) solutions onto suitable substrates and thermally 

Oo O 

O O 

cyclizing at 400°C. Copolymer were prepared with both diamines 

and benzoxazole diamine compositions ranged from 10%-74%. 

Judging from the increase in solution viscosities and favorable 

mechanical properties, high molecular weight polymer was achieved. 

In general, the 3,3'-diamine containing polymers exhibited less 

thermal stability and higher rates of weight loss at 400°C, but 

surprisingly lower thermal expansion coefficients (TEC ~20-42 

ppm) than the 4,4' analogs (TEC~40 ppm, PMDA-ODA polyimide has a 

TEC of 40 ppm). The 3,3' polymers showed glass transitions around 

300°C for the higher PBO composition, but polyimides containing 

lower polybenzoxazole content exhibited no observable Tg's, much 

like the 4,4' polymers. Mechanical properties were very similar to 

the PMDA-ODA polyimide except for the enhanced elongation 

displayed by the 3,3' polymers (elongation.~80-110%). Perhaps the 
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most interesting feature of these materials was their superior 

adhesion in laminate form. 

Using m-aminophenol as an endcapper, Hedrick and coworkers 

[10, 145,146] also synthesized a number of amine terminated 

poly(ary! ether benzoxazole)s of various molecular weights. 

Copolymerization of these oligomers with various compositions of 

ODA and PMDA diethyl ester diacyl chloride afforded a series of 

imide-aryl ether benzoxazole block copolymers. Thermal 

imidization at 350°C yielded clear tough films; indicating no 

appreciable homopolymer contamination or gross phase separation. 

Dynamic mechanical analysis of the copolymers displayed two 

transitions, one corresponding to the aryl ether benzoxazole and the 

other to the polyimide, characteristic of microphase separated 

materials. Incorporation of aryl ether benzoxazoles enhanced the 

moduli and tensile strengths slightly, but significantly increased 

elongations (50-80%) and self-adhesion 

Mercer and McKenzie [147] generated a novel diamine by reacting 

p-aminophenol with 2,2-bis[2-(4-fluoropheny!l)benzoxazol-6- 

yl]hexafluoropropane. This novel diamine was subsequently 

CF, 
N Cc N {0 CLK O CF; O 

polymerized with a number of dianhydrides to form novel 

polyimides. Glass transition temperatures ranged from 292-337°C. 
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Sundar and Mathias [148] incorporated a preformed benzoxazole 

and imide moiety into a novel AB monomer. Unfortunately , the 

monomers rigidity and susceptibility to base resulted in low 

molecular weight materials upon polymerization. 

2.7.2. Polybenzoxazoles via Acylation Reactions 

Rodia, Preston and coworkers [149-152] were the first to 

demonstrate the utility of preformed benzoxazole monomers by 

synthesizing a number of diamines (Figure 2.16) and subsequently 

polymerizing them with various dianhydrides. Low temperature 

polycondensation of these monomers in DMAc followed by thermal 

cyclization in air at 300°C resulted in flexible, clear, yellow films. 

In general, the films showed excellent thermal stability, as judged 

by their flexibility after 14 weeks at 300°C and 10% weight losses 

in No greater than 565°C. Fibers spun from these materials 

exhibited tenacities as high as 9 gpd. For a review and comparison 

of these fibers with other aromatic fibers see reference 153. 

Commenting on the thermal transition data is difficult due to the 

manner in which it was presented, but it could be said that glass 
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Figure 2.16. Novel benzoxazole diamines [149-152]. 

transition temperatures were apparently very high (~500°C) and 

some melt transitions may have been observed. 

Preston has recently published on the synthesis of polyamides 

containing pendent benzoxazoles linkages [154]. Bonding a 

benzoxazole moiety to the 5 position of isophthaloyl chloride 

generated a suitable bulky monomer. Improved solubility as well as 

acceptable mechanical and thermal properties were noted. 

Hirohashi, Hishiki and Ishikawa [155] reported the synthesis of 

2,6-diaminophenylene benzbisoxazole (DBO) and it's subsequent 

polymerization with a variety of functional groups (e.g., carboxylic 
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N O 

O N 

acids, acid chlorides, benzyl bromides, aldehydes) to form a series 

of polybenzoxazoles. Most of the polymers were synthesized in DMF 

or HMPA with the aid of a base catalyst (e.g., pyridine or triethyl- 

amine) at elevated temperatures. Inherent viscosity results 

(Ninh~0.10-0.43 di/g, sulfuric acid) suggest only low molecular 

weight polymer was generated. Due to the rigid nature of these 

materials, none of the polymers were soluble in common solvents 

and precipitation was observed during the polymerizations. ‘Onsets 

of degradation were low (190-390°C); thermal transition data was 

again limited and specific resistivities at room temperature ranged 

from 1012-1014 ohm cm. 

Kricheldorf and Thomsen [156] employed an elaborate synthetic 

scheme to synthesize a variety of difunctional benzoxazole 

containing AB monomers (Figure 2.17) which were suspension 

N Hoe —ar—x 
Oo 

Cw x> 
X = OH or OCOCH, 

Figure 2.17. AB carboxylic acid/acetoxy monomers [156]. 
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polymerized in Marlotherm-S® at 350°C. In all cases, the polymers 

precipitated from solution and showed high levels of crystallinity 

(>80%) by WAXS. Inherent viscosities in sulfuric acid ranged from 

0.4-1.2 di/g (2 g/L), Tg's were undetectable by DSC and 5% weight 

losses ranged from 350-518°C in air. 

Caruso and coworkers [157] synthesized a diacetoxy monomer 

similar to Kricheldorf's monomers and polymerized it with 

terephthalic acid under acidolysis conditions. The resulting polymer 

N 
YK p-ococts 

H,COCO O 

was soluble only in concentrated sulfuric acid and exhibited a Tg of 

181°C. A liquid crystalline melt was reported at 408°C (nematic) 

and degradation occurred at 510°C. 

Funtionalizing Preston's simplest benzoxazole containing 

diamines with itaconic or nadic anhydride resulted in a series of 

thermosets containing the benzoxazole moiety [158]. Unfortunately 

the melting points of these materials were high, and as a result, 

cure onsets and melt transitions occur simultaneously. Melt 

temperatures ranged from 190 to 245°C. 

71



2.7.3. Polybenzoxazoles via Oxidative Coupling 

Bach and coworkers [159-161] described the synthesis of 

aromatic azo monomers and azopolymers containing benzoxazole 

moieties. Diamines were synthesized using the method of Preston 

[162] or via selective oxidative coupling of diamines to form a 

number diamines containing one azo linkage. Polymerization of 

these diamines consisted of dissolving CuClo in pyridine or DMAc in 

an oxygen environment, allowing oxidation and formation of the 

active catalyst (DMAc2Cu(OH)CI or Pyr.2Cu(OH)Cl)), addition. of 

monomer and oxidation until O2 absorption ceases. The resulting 

benzoxazole azopolymer exhibited solubility only in sulfuric acid 

and possessed an ninh of 0.81 dl/g (sulfuric acid, 0.5%, 30°C). 

Benzoxazole containing azoaromatic polyamides were polymerized 

to high molecular weight as evident by an ninnof 1.7 di/g (DMAc, 5% 

LiCl, 0.1%, 30°C). 

2.8. Polybenzoxazoles via Yamazaki Reaction 

The two-step, polycondensation, cyclization methodology 

discussed in previous sections is related to the polycondensation of 

@-(o-aminophenol)carboxylic acid (AB) monomers under Yamazaki 

conditions. Traditionally, the Yamazaki reaction finds its utility in 
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the synthesis of aromatic polyamides, but Mathias and coworkers 

[163-167] demonstrated that under the right conditions, aliphatic 

and alkenyl poly(hydroxy amide)s could be generated using the 

Yamazaki reaction. While the resulting poly(hydroxy amide)s 

exhibited low molecular weights, it nonetheless demonstrates 

another synthetic route to PBO's. The polymerization scheme and 

monomers employed in the research are depicted in Figure 2.18. Ina 

CO,H CO.H CH,CO,H CH,CH,CO,H 

CH,CH,CO,H CH=CHCO,H 

HO NH. NH HO 

2 HO HO 2 

1 2 3 4 HO NH 
NH, HO 

5 6 

9 
R-CO,H R-C 

z| PPh3/pyridi | -H20 CNN 3/pyridine 7 i 2 ; SR 

Ss C,Cl¢ S A A oO n 
HO HN 

NH, HO n 

Figure 2.18. AB monomers and Yamazaki polymerization scheme 

used to synthesize aromatic and aliphatic polybenzoxazoles [163]. 

separate cyclodehydration step, the poly(hydroxy amide)s were 

converted to polybenzoxazoles in the melt. Enhanced inherent 

viscosities (ninh's = 0.01-2.25 dli/g, 0.2%, 25°C, H2SO4) were noted 

relative to the precursor poly(hydroxy amide)s, but unfortunately 

the materials were insoluble in all common solvents. The chain 

mobility of the aliphatic backbone was credited for the ability of 
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these polymers to chain extend under melt conditions. Inherent 

viscosities of the poly(hydroxy amide)s are shown in Table 2.16. 

Table 2.16. Optical and solution properties of poly(hydroxy amide)s 

synthesized using Yamazaki conditions [163]. 

  
Monomer Color Ninh_(dl/g)?_ 

1 brown 0.18 

2 light brown 0.20 

3 pale yellow 0.13 

4 brown 0.25" 

5 bright yellow 0.14 

6 Qrange-yellow 0.49 
  

aMeasured in H2SQOq4 at 30°C on 0.2% solutions. 

Regardless of the cyclization method, incomplete ring closure was 

detected by both FT-IR and TGA in most cases. Thermal 

characterization was limited to dynamic weight loss data and in 

general, the wholly aromatic polymers performed better than the 

aliphatic polymers. A particularly interesting result of these 

studies was the identification of a depolymerization/cyclodimer- 

ization process occurring in the methylene substituted 

polybenzoxazoles (Figure 2.19). Apparently, at 450°C, adjacent 

polymer chains decompose by way of a diradical and subsequently 

cyclodimerize. Alternatively, a mechanism of chain cleavage and 

backbiting was postulated. 
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Figure 2.19. Polybenzoxazole degradation and cyclodimerization 

mechanism [165]. 

In an effort to avoid decomposition via dimerization and enhance 

thermal stability, copolymers were synthesized using various 

compositions of the aliphatic and aromatic AB monomers [168]. 

CO,H CO,H CH,CH,CO,H 

. ‘NH, ohn ‘o ; NH, 

OH 

As before, low inherent viscosities (~0.20 dl/g, He2SO4, 30°C, 0.2 

g/dL) were achieved for the poly(hydroxy amide)s, but upon thermal 

conversion to the PBO's, inherent viscosities increased accordingly. 
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While a slight increase in thermal stability was noted for the 50/50 

copolymers, no general conclusion could be reached regarding 

enhancement of thermal stability with incorporation of aromatic 

monomers. 

Mathias [169] also polymerized a number of methylene 

substituted AA and BB monomers (Figure 2.20) using similar 

chemistry. Low inherent viscosities were once again obtained 

HO OH 

ur) p-ni HO,C “RK )-R-com 

PPh, pyridine 
C,Cl, 

HO OH 0 0 

wt! 
n 

A, -H,0 

R = CH, or CH,CH, 

Figure 2.20. Polymerization of aliphatic and aromatic AA and BB 

monomers by Yamazaki reaction [169]. 

(0.18-0.24 dl/g in HeaSO4) for the poly(hydroxy amide)s, but upon 

thermal cyclization, an increase in the njnp's of several fold were 

observed. Glass transition temperatures were greater than 270°C 
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and the ethylene derivative exhibited a melting endotherm at 384°C. 

Thermal decomposition was initiated at 480°C (Nga) for both 

polymers. 

Preston [170] also reported the use of Yamazaki conditions to 

synthesis poly(hydroxy amide)s, but like Mathias, the polymers were 

of low molecular weight. No effort was made to cyclize these 

afoctn RY Saale 

materials. 

2.9. Polybenzoxazoles Containing Perfluoro 

Linkages 

Previous review sections have demonstrated quite clearly that 

the majority of research pertaining to polybenzoxazoles revolves 

around the synthesis of high Tg, thermo-oxidatively stable 

materials. In the following section, research efforts focused on the 

generation of low Tg, thermally stable elastomers will be presented. 

Unlike their wholly aromatic counterparts, these materials exhibit 

glass transition temperatures from -30°C to 150°C, excellent 

solubility in common solvents and melt processability. In order to 

achieve these highly desirable properties, perfluoro linkages were 
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incorporated into bis(o-aminophenol)s and diimidate ester 

monomers. 

The first reported synthesis of these materials took advantage 

of an acetic acid promoted polycondensation of 3,3'-dihydroxy- 

benzidine or 3,3'-diamino-4,4'-dihydroxybenzophenone with a series 

of perfluoro and perfluoro ether-diimidate esters [171]. Moderate to 

high molecular weight polymers with excellent thermal stability 

resulted, but unfortunately the polymers exhibited little, if any, 

rubber-like character in the low temperature regime. This lack of 

appreciable elastomeric properties at lower temperatures was 

credited to insufficient backbone mobility resulting from 

crystallinity and bis(o-aminophenol) rigidity. Attempts to 

eliminate crystallinity in the polymer and lower glass transition 

temperatures were frustrated by the unavailability of the requisite 

long-chain fluorocarbon ether-diimidate esters. 

Evers [172,173] circumvented the crystallinity, rigidity problem 

by synthesizing novel perfluoro and perfluoro ether bridged bis(o- 

aminophenol)s (Figure 2.21). Acetic acid promoted polymerization 

of these monomers with the fluorinated diimidate esters reported 

by Burton and Madison [171] in hexafluoroisopropanol (HFIP) at 50°C 

for ~200 hours resulted in a series of elastomeric polybenzoxazoles. 

Larger fluorocarbon linkages tended to form cyclics at lower 

monomer concentrations, but with increased percent solids, high 

molecular weight materials were realized. Table 2.17 summaries 

the structures, as well as the solution and thermal properties of 

78



HO OH 

R;' 
HN NH, 

R,;'= (CF,)3 

(CF2)s 

(CF,),0(CF,),O0(CF), 

Figure 2.21. Perfluoro and perfluoro ether bis(o-aminophenol)s 

[172]. 

Table 2.17. Properties of perfluoro polybenzoxazoles. [173]. 

tT Cee 
  

  

Maa* Ta* T,° 
Trial No. R, Ry (dl g~") (°C) (°C) 

3 (CF a)3 (CFs 0.45 187 106 

6 (CF3)s CF,O(CP,),0CF, 0.94 29 

7 (CFs) 0.33 (CF a)s 0.52 112 45 

0.67 CF;0(CF3),0CF; 

8 (CF a) (CF2) O(CF2)s0CF;: 0.51 9 

9 (CF 2) CFAO(CFCF30) a (CF s)s- 0.72 ‘ 31 

(OCF,CF,),OCF: 
m+n2a§ 

10 (CF abs (CF a) 0.21 179 

11 (CF ads CF,O(CF.)20CF, 0.30 93 

12 (CFa)s (CF) O(CF2)s,0CF, 0.32 106 19 

13 (CFa)s CF,Q(CF CFO). (CF 2)s- 0.30 §3 —28 
(OCF,CF,), OCF; 

mene 
  

*®0.2 ¢ di-', 26°C, HFIP. 

» Determined by differential scanning calorimetry, AT = 20°C min='. 
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these materials. As expected, Tg's decreased with increasing 

fluorocarbon ether linkages and in general ranged from -22°C to 

106°C. 

Gilham and coworkers [174-177] investigated the relationship 

between various physical properties and the molecular structure of 

these materials. Torsional braid analysis (TBA) (~1 Hz) and dynamic 

TGA were used to determine the effect of fluorocarbon structure 

and molecular position on thermal transitions and thermal stability. 

' HFIP polymer solutions were applied to heat-cleaned glass braids, 

dried at 200°C and cycled under nitrogen through various schedules 

(e.g., 200°C-—-180°—200°C). A representative thermomechanical 

spectrum is displayed in Figure 2.22. It should be noted that the 

spectrum exhibits two secondary transitions in addition to a glass 

transition temperature. The lowest damping peak was attributed to 

the perfluoro linkages between the oxazole rings and the higher 

temperature secondary transition was attributed to the perfluoro 

bridge between the benzene rings. These two damping peaks 

decreased with an increase in fluorocarbon length and ether 

incorporation. Glass transition temperatures also followed this 

trend (Table 2.17). It was concluded that the linkage between the 

oxazole groups exhibits a greater degree of flexibility than the 

linking group between the benzene rings, indicating placement of 

fluorocarbon linkage also plays a role in the viscoelastic behavior. 

TGA data indicates incorporation of fluorocarbon linkages in the 

bis(o-aminophenol) decreases thermal stability by ~50°C and ether 
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Figure 2.22. Thermomechanical spectrum of a perfluoro PBO [176]. 

linkages decrease it even further relative to unsubstituted bis(o- 

aminophenol)s. The onsets of degradation were ~260°C for all the 

polymers, but a weight loss of only 2-3% was observed up to 400°C, 

followed by rapid degradation at 450°C (N2). Cycling experiments 

carried out with progressively higher maximum cycle temperatures 

revealed that crosslinking occurs when the polymers are exposed to 
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elevated temperatures for prolonged periods of time. At 

temperatures below 470°C, minimal increases in Tg were noticed, 

but after cycling to 525°C, the polymer displayed no glass 

transition temperature by TBA, indicating network formation. 

Evers and Abraham [178,179] attempted to further reduce glass 

transition temperatures and improve hydrolytic stability by 

synthesizing bis(o-aminophenol)s with enhanced fluorocarbon ether 

content and diimidate esters with pendent trifluoromethyl groups. 

Polymerization techniques analogous to the above mentioned acetic 

acid catalyzed route produced polymers of moderate to high. 

molecular weight. Inherent viscosities varied from 0.07 to 0.79 

di/g and Tg's ranged from -58 to -5°C (Tables 2.18). None of the 

polymers exhibited crystalline melt temperatures and thermo- 

oxidative stability of the polymers tended to decrease with an 

increase in in fluorocarbon ether content. Onset of degradation in 

air occurred in the 350-400°C range, while isothermal aging of 

representative polymers at 260°C for 200 hours resulted in weight 

losses of 5-7%. Pendent trifluoromethyl groups tended to enhance 

thermo-oxidative stability and improve hydrolytic stability. 

Pyrolysis mass spectroscopic analysis on a number of these 

polymers [180] indicated that the fluorocarbon ether linkages were 

less stable than fluorocarbon linkages by ~50°. Additionally, it was 

found that polymers containing ether linkages beta to an oxazole 

ring decomposed at a lower temperature (500-540°C) and the major 

decomposition product was carbony! difluoride. An intramolecular 
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Table 2.18 Properties of rubber-like fluorocarbon ether 

polybenzoxazoles [182]. 

tonT 

  

  

Oo n 

Concentration 

Time [% monomer Nin T, 

R;’ R; (hr) (w/v)] (dl/g)* (°C) 

(CF 2)20(CF2)20(CF)2 FLOCF,CF), CCF, KO(CECF.0) 252 26 0.20 -15 

re, 
(CF 2)20(CF2),0(CF2)2 rty=4 192 37 0.20 ~18 

x+y = 

(CF2)20(CF2)s0(CF2)2 sty=4 252 46 0.23 -19 

(CF 2)20(CF2)s0(CF2)2 sty=5 240 36 0.25 -23 

(CF2CF20)3(CF2),0(CF 2)¢ rty5 288 40 0.35 -34 

(CF4)s0(CF3)s0(CF a)s te wor 456 36.0 0.27 -39 
Fy CF, 

(CF2)20(CF2)s0(CF2)¢ rn 1OCECEO).F 312 96.5 0.27 ~35 

Cr, CF, 

zstye=S 

(CF4)20(CFg)sO(CF2)2 TPC O AE 336 60.0 0.41 -38 
CF, CF, 

x+y=6 

(CF 2)20(CF3),0(CF2)2 Pere 288 50.5 0.30 -37 
Cr, CF, 

C¥(OCF,CF,),O(CF,), CCF ,C¥F,0O),CF (CF;)20(CF)O(CP)2 of gre 49.1 0.29 ~45 
CF, CF, 

CF(OCF,CF,),O(CF,, OCF, CF,O).CF 
(CF2CF20)3(CF3)s0(CF2)2 cree 264 38.5 0.25 -44 

CF, CF, 

z+ y=6 

CF(OCF,CF,),OCF, 
(CF2CF20)3(CF)s0(CF)2 | | 384 56.5 0.40 -@ 

Cr, CP, 

(CF2CF20)3(CF2)s0(CF 2). (PCOCP OP MOCCPNHCRCEONOP ang 15.5 0.21 ~48 
r) CF, 

  

* 0.2 g/dl, 25°C, HFIP. 
» Differential acanning calorimetry (AT = 20°C/min). 
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ring Opening rearrangement reaction was postulated to explain this 

observaion. At temperatures higher than 550°C, rapid cleavage of 

the fluorocarbon and fluorocarbon ether linkages occured, as well as 

oxazole degradation. 

Yakubovich and coworkers [181,182] utilized perfluoro bridged 

diacid chlorides under low temperature polycondensation conditions 

to prepare a series of fluorocarbon containing poly(hydroxy amide)s 

(Figure 2.23). Cyclization of the polymers, either thermally or in 

polyphosphoric acid, resulted in PBO's of moderate to high molecular 

weight. The poly(hydroxy amide)s exhibited good solubilities in 

polar solvents, while the polybenzoxazoles were only soluble in 

H2S04. In general, the solution cyclized polymers were more 

HO OH 

R = (CF )5 or (CF 2)¢ 

DMAc 

HO OH 0 0 

LDC EL) tae 
A, -H,O 

“bt GrO-Oy 
Figure 2.23. Synthesis of fluorocarbon bridged polybenzoxazoles 

[182]. 
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soluble than the thermally cyclized materials. All the polybenzox- 

azoles possessed some form of crystallinity, initiated 

decomposition at ~450°C, and exhibited elongations of 7-8% and 

tensile strengths of ~83.3 MPa. 

2.10. Thermal and Mechanical Properties of PBO's 

The requirements necessary for a polymer to be considered a 

high performance material are not well defined, but they usually 

encompass end uses that involve high temperatures, high tensile or 

compressive loads, hostile environments, dimensional stability, 

light weight, and high electrical conductivity. With these 

requirements in mind, high performance polymers can be discussed 

relative to two important material properties, thermal stability and 

mechanical properties. Its important to separate these two 

material properties because polymers can exhibit excellent 

mechanical properties, while possessing unfavorable thermo- 

oxidative stability. For example, Spectra®, a highly crystalline 

polyethylene fiber, possesses tenacities and moduli of 30 gpd and 

1400 gpd, respectively, but undergoes catastrophic failure at 

temperatures greater than 150°C [183]. Alternatively, polymers can 

display both excellent thermal stability and superior mechanical 

properties; polybenzoxazoles are a class of polymers which exhibit 
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this phenomenon. The following two sections will attempt to 

compare the thermal and mechanical properties of cis PBO and 

poly(2,5-benzoxazole) with a number of high performance materials. 

The thermal stability of a material can be explained in terms of 

two sets of factors, namely chemical and physical. Chemical 

factors are determined by the choice of monomers used in the 

polymerization and include, primary bond strength, secondary or van 

der Waals forces (e.g., H-bonding, dipole-dipole, etc.), resonance 

stabilization, mechanism of cleavage, molecular symmetry, chain 

rigidity and topology. The most important factor being primary bond 

strength. The bond dissociation energy for a single carbon-carbon 

bond is ~350 kJ/mol, while that of a carbon-carbon double is ~610 

kJ/mol. In aromatic or heterocyclic systems, resonance 

stabilization can add an additional 164-287 kJ/mol to the bond 

dissociation energy [184]. Hence, it is apparent that highly aromatic 

polymers possess much higher thermal stabilities relative to 

aliphatic polymers. The other chemical factors relate more to the 

cohesive energy density between polymer chains, in other words, the 

more closely chains can be packed together and the greater the 

intermolecular interaction between polymer chains, the greater the 

thermal stability of the polymer. Physical factors, such as 

molecular weight, molecular weight distribution and crystallinity, 

work in much the same manner. 

In light of the above mentioned chemical and physical factors, 

it's obvious that aromatic heterocyclic polymers, such as 
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polybenzoxazoles, are prime candidates for applications requiring 

high thermal stability. Several of these polymers have recently 

been compared with regard to thermal stability. Dynamic thermo- 

gravimetric analysis (Figure 2.24) suggests that polybenzothiazoles 
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Figure 2.24. Thermogravimetric analysis of polyheterocyclics [185]. 

A, Polybenzimidazole; B, polyquinoxaline; C, polyimide; D, 

polybenzoxazole; E, poly(N-phenylbenzimidazole); F, 

polybenzothiazole; G, pyrolytic graphite. Atmosphere: static air; 

heating rate: 6.67°C/min. 

are the most thermo-oxidatively stable of the polymers studied, 

while isothermal gravimetric analysis (Figure 2.25) indicates 

polyimides to be the most thermally stable. Regardless of which is 

considered the most stable, its obvious from Figures 2.24 and 2.25, 

that all these polymers, excluding polybenzimidazoles, can be 

considered as high performance materials, polybenzoxazoles 
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Figure 2.25. Isothermal weight loss of polyheterocyclics in air at 

371°C [185]. A, Polybenzimidazole; B, poly(N-phenylbenzimidazole); 

C, polybenzothiazole; D, polyquinoxaline; E, polybenzoxazole; F, 

polyimide. Atmosphere: circulating air: sample form:>0.1 mm (<140 

mesh) powder. 

included. In many respects its unfair to rank these polymers 

relative to thermal stability because a number of factors, unrelated 

to the intrinsic thermal stability of a material, dictate thermo- 

oxidative stability. Factors such as polymerization technique, 

monomer purity, draw ratio, crystallinity and others can 

dramatically alter thermal stability; therefore ranking similar 

backbone structures is relative. 

Primary bond strengths, as alluded to previously, dictate the 

thermal stability of polymeric materials, but with respect to 

mechanical properties, intermolecular forces and physical factors 

dominate. Polyethylene illustrates this point quite clearly. 
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Polyethylene consists entirely of carbon-carbon single bonds, yet it 

possesses mechanical properties very similar to highly aromatic 

systems. A high degree of order in the draw direction and 

crystallinity (physical factors) are credited for these property 

enhancements [186]. Mechanical properties for a number of high 

performance polymers are compared in Table 2.20 [187]. It should 

be noted that the tenacity and moduli are similar for all the 

polymers, regardless of aromatic content. 

Inspection of the thermal stability and fiber property data 

reflects the outstanding properties exhibited by polybenzoxazoles, 

more specifically, cis PBO. Unlike many of the other polymers 

which possess either excellent mechanical or thermal properties, 

cis-PBO exhibits both. This characteristic can be attributed to the 

wholly aromatic backbone structure, 180° catenation angles and the 

high degree of ordering achieved during the fiber spinning process 

[110]. 
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Table 2.19. High performance fiber properties [187] 

  

  

Melt 
Density | Temperature Tenacity | Modulus 

Fiber Type (g/cc) (°C) (gpd) (gpd) 

Aromatic Polyamides 

Du Pont Kevlar 29 1.44 Not meltable 23° 580° 
Kevlar 49 - 1.44 Not meltable 22° 950° 

Kevlar 149 1.47 Not meltable 17° 1100° 
Teijin Technora 1.39 485 25° 550° 

Aromatic Polyester 

Dart Xydar ~ 350 18-20 1400 
Sumitomo Ekonol 1.40 ~ 350 31 1100 

Kuraray Vectran 1.436 ~ 350 22-25 600-700 

Aromatic Polyimides 

Ube ~1.5 27 1500 

Toray ~1.5 20 1300 

Aromatic Heterocyclic Polymers 

PBT Aftech II 1.58 Not meltable 25 2200 
PBO 1.5 26 2600 
AB PBO 22 1000 

High-strength Polyethylene 

Allied Spectra 900 0.97 150 30 1400 
Spectra 1000 0.97 150 35 2000 

Carbon 

Hercules IM-7 1.79 4000 35 1800 
Toray 1.80 36 1740 

Inorganic Fibers 

Du Pont Fiber FP 3.9 2045 4 1100 
Silicone carbide 3.17 <2700 tl 1200 

  

aContinuous filament yarn properties, 1GPa = 145,000 psi, 
1 gpd (grams per denier) = 12800 p psi, where p is density 
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Chapter 3 

EXPERIMENTAL 

3.1. Introduction 

The formation of poly(hydroxy amide)s can be characterized as a 

step-growth polymerization and like any step-growth 

polymerization, five important polymerization rules must be obeyed 

in order to achieve high molecular weight polymer: 

¢ Monomer purity greater than 99.5% 

¢ High conversion of functional groups (>99%) 

¢ Accessibility of functional groups in the reaction mixture 

¢ Balanced stoichiometry (total functionality = 2) 

No side reactions 
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Two of these parameters, monomer purity and high conversion, 

are intimately connected in many instances. For polymerizations to 

proceed to high conversion, stoichiometric amounts of monomers 

must be present if high molecular weight polymer is desired or a 

calculated offset in stoichiometry is required, if controlled 

molecular weight is desired. This relationship can be represented in 

mathematical terms by the Carothers equation [188,189]: 

1+r 

14+r-2rp 
X,= 

where Xn represents the number average degree of polymerization 

(directly related to molecular weight), r is the stoichiometric 

offset in monomer functionality and p is the fractional percent 

conversion. If perfect stoichiometry is achieved, r becomes 1, and 

the Carothers equation reduces to Xn = 1/(1-p). 

This relationship is graphically illustrated in Figure 2.1 and 

demonstrates the fact that high molecular weight (e.g., 100 units) 

polymer is not achieved until conversion reaches at least 99%. 

Monomer purity also has a dramatic affect on molecular weight 

through the terms r and p. The use of impure monomers will affect 

molecular weight similar to offsetting stoichiometry. Impure 

monomers will also manifest themselves in percent conversion. _ lf 

one of the monomers is impure, the number of functional groups 

available to react will be in deficit, consequently complete 
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conversion of all functional groups will be impossible and percent 

conversion will be less than 100%. 
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Figure 3.1. Graphical representation of fractional percent 

conversion versuS number average degree of polymerization. 

Due to the importance of monomer purity, extreme care must be 

taken during the purification of monomers, reagents and solvents. 

The following chapter will outline the synthesis and purification of 

monomers, monomer precursors, solvents, reagents and polymers 

used in this research. Information pertinent to each chemical, such 

as source, empirical formula, molecular weight, melting or boiling 

point and structure will be provided. Reagents used in the synthesis 
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of intermediates or monomers such as acetic acid, potassium 

permanganate, phenol, etc., were used as received without further 

purification or published purification procedures were followed. At 

the end of the chapter, the methods used to characterize the 

monomers and polymers will be described briefly. 

3.2. Materials: Synthesis and Purification 

3.2.1. Reagents and Monomers 

3.2.1.1. 2,2-Bis(4-hydroxyphenyl)propane (Bisphenol-A) 

Source Dow Chemical Company 

Empirical Formula C15H1gO02 

Molecular Weight 228.27 

Structure 

CH, 

CH, 

Purification procedure: 

Bisphenol-A was used as received. 
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3.2.1.2. 2,2-Bis(4-hydroxy-3-nitrophenyl)propane 

(bANP) 

Source synthesized from Bisphenol-A 

Empirical Formula C15H14N206 

Molecular Weight 318.27 

Molecular Structure 

Synthesis procedure: 

To a 2000 mL three neck flask equipped with a thermometer, 

reflux condenser and liquid addition funnel, 100.00 g (0.44 mol.) of 

Bisphenol-A was washed in with 500 mL of acetic acid. After 10 

minutes, the slurry was cooled to 10-15°C and treated with 100 mL 

of a nitric acid/acetic acid solution (56 mL of 15.8 N nitric acid 

(0.88 mol.) in 44 mL of acetic acid) from the addition funnel. The 

addition took place over a 2 hour period and the temperature was 

maintained below 15°C. After complete addition, the reaction was 

held at 15°C for 1 hr and 23°C for 1 hr. The reaction mixture was 

cooled to 10°C, and the product precipitated by adding 700 mL of ice 

water over the course of 2 hr. The brownish yellow precipitate was 

filtered off, washed with copious amounts of distilled water and 

dried under reduced pressure at 80°C for 24 hr; crude yield ~ 75%. 
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Two recrystallizations from ethanol (one charcoal treatment) 

resulted in 88.88 g of yellow needles. M.p. = 133-135°C (lit. m.p. = 

135°C [190]). 

3.2.1.3. 2,2-Bis(3-amino-4-hydroxyphenyl!)propane 

(bAAP) 

Source synthesized from 2,2-bis(3-nitro-4- 

hydroxy)-propane 

Empirical Formula CisHigN202 

Molecular Weight 258.32 

Molecular Structure 

H,N NH, 

no) 

Synthesis procedure: 

To a 500 mL pressure reactor equipped with heating coils and 

overhead stirrer, a homogeneous solution of 50.00 g (0.16 mol.) of 

2,2-bis(4-hydroxy-3-nitrophenyl)propane, 350 mL of deoxygenated, 

deionized water and 15.87 g (0.40 mol.) of NaOH was added along 

with 2.50 g of 10% palladium on carbon (Aldrich) and 50 mL of 

water. After purging the reactor with He for 20 minutes, the 

reactor was pressurized to 50 psi and warmed to 35°C. After 12 

hours, the contents of the reactor were pressure filtered through 
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Celite® into an excess of aqueous acetic acid. The product was 

isolated via filtration, washed with water and 95% ethanol and dried 

under reduced pressure at 80°C for 24 hr. Yield~98%. The product 

was recrystallized by dissolving 50.00 g of bAAP in 1000 mL of 

refluxing THF and adding chloroform to the hot solution until turbid 

(~1000 mL of CHCl3). After 12 hr in the refrigerator, 25.33 g of off 

white crystals were collected. M.p. = 247.6° (d) (lit. m.p. = 256°C (d) 

[191]). 

3.2.1.4. Terephthaloyl Chloride (TC) 

Source Eastman Chemical Company 

Empirical Formula CgH4CleOe 

Molecular Weight 203.02 

Molecular Structure 

CIOC {p-co« 

Purification procedure: 

To a 500 mL, one neck, round bottom flask equipped with a 

reflux condenser and stir bar, 50.00 g (0.25 mol.) of terephthaloy! 

chloride and 100 mL of thionyl chloride were added. The mixture 

was warmed to reflux and maintained until a homogeneous solution 

was achieved (~3-4 hr). Filtration of the solution through a fritted 

funnel (medium porosity) with nitrogen pressure and evaporation of 
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the thionyl chloride via rotary evaporation followed by mechanical 

vacuum resulted in a light yellow solid. Two fractional distillations 

(80°C at 1 torr) resulted in 40.78 g of pure material. Yield~81%, 

m.p. = 81-82°C (lit. m.p. = 80-82°C [192]). 

3.2.1.5. Isophthaloyl Chloride (IC) 

Source Eastman Chemical Company 

Empirical Formula CaH4CloOo 

Molecular Weight 203.02 

CIOC Ce 

Purification procedure: 

Molecular Structure 

Purification of isophthaloyl chloride followed the same 

procedure as terephthaloyl chloride. Yield~85%, m.p. 43-44°C (lit. 

m.p. = 43-44°C [192]). 

3.2.1.6. 2,2-Bis(3-amino-4-hydroxy)hexafluoropropane 

(6FAP) 

Source Central Glass Company of Japan 

Empirical Formula C15H12FeEN202 

Molecular Weight 366.26 
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Molecular Structure 

"aN CF; a? 
woo 

Purification Procedure: 

To a 1 liter, 2 neck, round bottom flask equipped with relux 

condenser, magnetic stir bar and glass stopper, 100.00 g (0.27 

mol.)of 2,2-bis(3-amino-4-hydroxyphenyl)hexafluoropropane and 

150 mL of 95% ethanol were combined and heated to reflux. Upon 

dissolution of the 6FAP, chloroform (~150 mL) was added to the 

refluxing solution until turbidity was noticed. With continuous 

Stirring, the solution was cooled and maintained at 23°C for 2 hours 

to allow for complete crystallization. After filtration, washing 

with chloroform and 50:50 (v/v) chloroform/diethy! ether and drying 

at 100°C for 24 hr, 87.33 g were recovered. Yield~87%, m.p. = 243- 

244°C (lit. m.p. = 244-245°C [193]). Evaporation of the 

recrystallization solvent from the filtrate will allow for the 

recovery of impure 2,2-bis(3-amino-4-hydroxyphenyl)hexa- 

fluoropropane. 

3.2.1.7. 2,2'-Dihydroxybenzidine (DHB) 

Source Central Glass Company 

Empirical Formula C12H12N202 
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Molecular Weight 216.24 

Molecular Structure 

HO OH 

Purification procedure: 

To a 500 mL erlenmeyer flask containing 100 mL of 5M HCI at 

80°C, 50.00 g (0.23 mol.) of 2,2'-dihydroxybenzidine was slowly 

added with stirring. Upon dissolution, the solution was filtered hot, 

treated with charcoal for 30 minutes, filtered through Celite® and 

precipitated by adding concentrated HCI. The HCI salt was collected 

via vacuum filtration and washed with 30% aqueous HCl, all in low 

light. The salt was recrystallized once from deionized water, 

collected and dried. The salt was redissolved in 80°C deionized 

water (treated with 1% SnClo), treated with charcoal for 30 

minutes, filtered hot through Celite® and immediately treated with 

sodium acetate until a light pink precipitate appeared. Pressure 

filtration of the mixture with Noa followed by pressure washings 

with 95% ethanol and diethyl ether resulted in a 70% yield (from the 

recrystallized salt) of pure 2,2'-dihydroxybenzidine. Determination 

of a melting point was hampered by gross decomposition which 

started around 265°C (lit. mop. = 292°C, with decomposition [28)]). 

The fact that DHB gave high molecular weight polymer and a very 

clean 1H NMR spectra indicates high purity. NMR (dg-DMSO) 8 4.44 
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(bs, 4H, NH2), 5 6.56 (d, 2H, aromatic), 6 6.67 (d, 2H, aromatic) 5 6.78 

(s, 2H, aromatic) 6 9.00 (bs, 2H, OH) 

3.2.1.8. 2,2,2-lrifluoroacetophenone 

Source H. J. Grubbs, Thesis 1993 

Empirical Formula CgHs5F30 

Molecular Weight 174.12 

Purification procedure: 

2,2,2-Trifluoroacetophenone was used as received (b.p. = 165- 

166°C) 

3.2.1.9. 1,1-Bis(4-hydroxyphenyl]l)-1-phenyl-2,2,2- 

trifluoroethane (3F-Bisphenol) 

Source synthesized from trifluoroacetophenone 

Empirical Formula Co0H15F302 

Molecular Weight 344.32 

Molecular Structure 
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Synthesis procedure: 

To 250 mL, three neck, flask equipped with a magnetic stir bar, 

No/thermometer inlet and an addition funnel fitted with a drying 

tube, 41.32 g (0.44 mol.) of phenol, 2.42 mL (2.7 X 10-2 mol.) of 3- 

mercaptopropionic acid and 19.32 g (0.11 mol.) of 2,2,2- 

trifluoroacetophenone were added and heated to 45°C. Once a 

homogeneous solution was achieved, 2.45 mL (2.8 X 10-2 mol.) of 

triflic acid was introduced dropwise while maintaining the 

temperature at 45°C. After 1 hr, the slurry was treated with 200 

mL of hot deionized water and the product isolated by filtration. 

The pink solid was stirred in 200 mL of hot deionized water for 15 

minutes, vacuum filtered, washed with hot water, methylene 

chloride and dried under reduced pressure at 80°C for 24 hr. 

Yield~75%, m.p. = 228-230°C (lit. m.p. = 225-226°C [194]). 

3.2.1.10. 1,1-Bis(4-hydroxy-3-nitrophenyl)-1-phenyl- 

2,2,2-trifluoroethane (SFNP) 

Source synthesized from 1,1-bis(4-hydroxyphenyl)- 

1-phenyl-2,2,2-trifluoroethane 

Empirical Formula C29H13F3N206 
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Molecular Weight 434.32 

Molecular Structure 

CF, 

UI 

O,N NO, 

Eo 

Synthesis procedure: 

To a 1 liter, 3 neck, round bottom flask equipped with reflux 

condenser, mechanical stirrer and liquid addition funnel, 50.00 g 

(0.15 mol.) of 3F-Bisphenol was slurried in 215 mL of acetic acid at 

10°C. To the heterogeneous solution, 27.50 g of 70% nitric acid 

(0.31 mol.) diluted with 80 mL of acetic acid was added dropwise 

while maintaining the temperature below 15°C. After complete 

addition, the reaction was maintained at 15°C for an additional 1.5 

hr and treated with 300 mL of ice water over the course of 2 hr. The 

yellow precipitate was filtered, washed with copious amounts of 

water and dried under reduced pressure at 80°C. After two 

recrystallizations from 95% ethanol, a 75% yield of product was 

obtained. M.p. = 150.9-152.0°C (lit. m.p. = 146-147°C [194]) 
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3.2.1.11. 1,1-Bis(3-amino-4-hydroxyphenyl)-1-phenyl- 

2,2,2-trifluoroethane (SFAP) 

Source synthesized from 1,1-bis(4-hydroxy-3- 

nitrophenyl)-1-phenyl-2,2,2-trifluoroethane 

Empirical Formula Co9H17F3N202 

Molecular Weight 374.36 

Molecular Structure 

HN 

Ho-< ) 

H 
CF, NM 

OH 

Synthesis procedure: 

To a 500 mL pressure reactor equipped with heating coils and 

overhead stirrer, a homogeneous solution of 40.00 g (9.2 X10-2 mol.) 

of 1,1-bis(4-hydroxy-3-nitrophenyl)-1-phenyl-2,2,2- 

trifluoroethane, 350 mL of deoxygenated, deionized water and 7.54 g 

(0.19 mol.) of NaOH was added along with 2.00 g of 10% palladium on 

carbon and 50 mL of water. After purging the reactor with He for 20 

minutes, the reactor was pressurized to 50 psi and warmed to 35°C. 

Ten hours later the reaction mixture was pressure filtered through 

Celite® into an excess of aqueous acetic acid. The product was 

isolated via filtration, washed with water and dried under reduced 

pressure at 80°C for 24 hr. Yield~98%. Multiple recrystallizations 
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were accomplished by dissolving 100.00 g (0.23 mol.) of 3FAP in 150 

mL of boiling 95% ethanol and treating with chloroform (~150 mL) 

until turbidity was noticed. The solution was cooled to 23°C and 

maintain for 2 hours with stirring. After filtration, washing with 

chloroform, 50:50 (v/v) chloroform/diethyl ether and drying under 

reduced pressure at 100°C for 24 hr, a white crystalline solid was 

recovered. Yield~91% (1 recrystallization), m.p. = 216-217°C, NMR 

(dg-DMSO) 5 4.51 (bs, 4H, NHo2), 5 5.97 (d, 2H, aromatic), 5 6.45 (s, 2H, 

aromatic) 5 6.56 (d, 2H, aromatic) 6 7.08 (d, 2H, aromatic) 5 7.33 (m, 

3H, aromatic) 8 9.15 (bs, 2H, OH), Elem. Anal. Calcd. for 

CooH17F3NeOe: C, 64.16; H, 4.58; N, 7.48. Found: C, 62.72; H, 4.98; 

N,7.31. Recovery of the impure 1,1-Bis(3-amino-4-hydroxyphenyl)- 

1-phenyl-2,2,2-trifluoroethane from the filtrate was achieved by 

simple evaporation. 

3.2.1.12. 4,4'-Oxydibenzoic Acid (ODBA) 

Source Hoechst-A. G., Frankfurt, Germany 

Empirical Formula C14H1005 

Molecular Weight 258.22 

Molecular Structure 

woe pot peon 
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Purification procedure: 

4,4'-Oxydibenzoic acid was used as received. 

3.2.1.13. 4,4'-Oxydibenzoyl Chloride (ODBC) 

Source synthesized from 4,4'-oxydibenzoic acid 

Empirical Formula C14HgCloO03 

Molecular Weight 295.10 

Molecular Structure 

cic )-0-{ coer 

Synthesis procedure: 

To a 100 mL, two neck, round bottom flask equipped with a 

reflux condenser and No inlet, 25.00 g (9.7 X 10-2 mol.) of 4,4'- 

oxydibenzoic acid, 35 mL of thionyl! chloride and 3 drops of N,N- 

dimethylformamide were combined and warmed to 45°C. Upon 

dissolution of the acid (~3 hr), the contents were filtered through a 

medium porosity fritted funnel with Ne pressure, reduced in volume 

via rotary evaporation and exposed to 500 mtorr of pressure for 1 hr. 

The resulting yellow solid was vacuum distilled twice at 300 mtorr 

with the fraction at 195°C being collected. Yield~80%, m.p. = 88.2- 

89.4°C (lit. m.p. = 88°C [7]). 
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3.2.1.14. 2,2-Bis(4-carboxyphenyl)hexafluoropropane 

(6FDA) 

Source Hoechst Celanese of Germany 

Empirical Formula C17H190FeO4 

Molecular Weight 392.25 

Molecular Structure 

CF, 
wo,c-{ >" )-co. 

CF 3 

Purification procedure: 

2,2-Bis(4-carboxyphenyl)hexafluoropropane was used as 

received. 

3.2.1.15. 2,2-Bis(4-chlorocarbonylpheny!)hexafluoro- 

propane (6FAC) 

Source synthesized from 2,2-bis(4-carboxyphenyl)- 

hexafluoropropane 

Empirical Formula C17HgCloF6O2 

Molecular Weight 429.13 

Molecular Structure 

CF, coe {PEL oa CF 3 
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Synthesis procedure: 

To a 100 mL, two neck, round bottom flask equipped with a 

reflux condenser and No inlet, 25.00 g (6.4 X 10-2 mol.)of 2,2-bis(4- 

carboxyphenyl)hexafluoropropane, 35 mL of thionyl chloride and 3 

drops of N,N-dimethylformamide were combined and warmed to 

45°C. Upon dissolution of the acid (~3 hr), the contents were 

filtered through a medium porosity fritted funnel under No pressure, 

reduced in volume via rotary evaporation and exposed to 500 mtorr 

- of pressure for 1 hr. The resulting yellow solid was vacuum 

distilled at 400 mtorr. Yield~87%, m.p. = 96.0-97.0°C (lit. m.p. = 

94.5-95.5°C [7]). 

3.2.1.16. 1,1-Bis(4-methylphenyl)-1-phenyl-2,2,2- 

trifluoroethane 

Source synthesized from 2,2,2-trifluoroaceto- 

phenone 

Empirical Formula Co2Hi9F3 

Molecular Weight 340.37 

Molecular Structure 
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Synthesis procedure: 

To a flame dried, one neck, 500 mL, round bottom flask equipped 

with a magnetic stir bar and septum, 52 mL (0.37 mol.) of 2,2,2- 

trifluoroacetophenone were syringed in along with 300 mL of 

toluene. Once a homogeneous solution was obtained, 33.00 mL (0.38 

mol.) of triflic acid was added dropwise and the reaction maintained 

for 20 hours at 23°C. The reaction mixture was poured into 500 mL 

of water/methylene chloride (200 mL of water/300 mL of CHeCloa) 

and extracted with methylene chloride. The organic layer was 

washed with two 300 mL aliquots of 5% K2CQO3, water, a saturated 

sodium chloride solution, dried with MgSOq4 and evaporated to 

dryness. The resulting orange solid was washed with 95% ethanol 

until white and dried under reduced pressure at 80°C. Yield~83%, 

m.p. = 170-171.5°C (lit. m.p. = 168-169°C [194)). 

3.2.1.17. 1,1-Bis(4-carboxyphenyl)-1-phenyl-2,2,2- 

trifluoroethane (3FDA) 

Source synthesized from 1,1-Bis(4-methylphenyl)- 

1-phenyl-2,2,2-trifluoroethane 

Empirical Formula C22H15F304 

Molecular Weight 400.34 

Molecular Structure 
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CF, 

U 
woe) fon 

Synthesis procedure: 

To a four neck, 2 liter, round bottom flask equipped with an 

overhead stirrer, reflux condenser, thermometer and glass stopper, 

102.28 g (0.30 mol.)of 1,1-bis(4-methylphenyl)-1-phenyl-2,2,2- 

trifluoroethane was dissolved in 365 mL of pyridine and 100 mL of 

water. The contents of the flask were warmed to 60°C and 345.00 g 

(2.18 mol.) of KMnOg was added in 50.00 g aliquots. Thirty mL 

aliquots of water were used to wash in each KMnQg, addition. After 

complete addition, the reaction temperature was raised to 95°C and 

maintained for 24 hr. The reaction mixture was cooled to 30°C, 

treated with 500 mL of water, filtered and neutralized with 

concentrated HCI. The off white product was stirred overnight in 

the acidic medium, filtered, washed with water, aspirator dried, 

redissolved in dilute aqueous KOH, filtered, cooled to 5°C and 

neutralized with 5% HCl. The resulting product was collected by 

filtration, washed with water and redisolved in 500 mL of aqueous 

KOH. The solution was returned to the reactor, treated with 50.00 g 

of KMnQg, (0.32 mol.) at 80°C and then held at 95°C for 3 hours. 

After cooling to 30°C, the solution was filtered and neutralized with 

1M HCl. The precipitate was collected by filtration, washed with 

copious amounts of water and dried under reduced pressure at 90°C 
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for 24 hours. Yield~89%. Purification of the acid was accomplished 

by chlorinating with thionyl chloride and hydrolyzing with dilute 

KOH. m.p. = 256-260°C, NMR (dg-DMSO) 6 7.0 (d, 2H, aromatic), 

7.11 (d, 4H, aromatic), 5 7.24-7.3 (m, 3H, aromatic) 5 7.89 (d, 4H, 

aromatic) 5 11.0 (bs, 2H, COOH), Elem. Anal. Calcd. for Co2H15F304: 

C, 66.00; H, 3.78. Found: C, 65.21; H, 3.77. 

3.2.1.18. 1,1-Bis(4-chlorocarbonylphenyl)-1-phenyl- 

2,2,2-trifluoroethane (SFAC) 

Source synthesized from 1,1-Bis(4-carboxyphenyl)- 

1-phenyl-2,2,2-trifluoroethane 

Empirical Formula C220H13F3CloO2 

Molecular Weight 437.22 

Molecular Structure 

CF, 

U 
CIOC . ) . ) COcl 

Synthesis procedure: 

To a two neck, 500 mL, round bottom flask equipped with a 

reflux condenser, magnetic stir bar and No/thermometer inlet, 82.36 

g (0.21 mol.) of 1,1-bis(4-carboxyphenyl)-1-phenyl-2,2,2- 

trifluoroethane, 150 mL of thionyl chloride and 4 drops of DMF were 

combined and warmed to 40°C for 12 hr. After filtration through a 
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medium porosity fritted funnel and evaporation of the thionyl 

chloride, a yellow solid resulted. The solid was slurried with 

hexanes, filtered, dissolved in hexanes (~100 mL), treated with 

charcoal for 30 minutes, filtered through Celite® and cooled to 

23°C. Constant stirring of the solution resulted in the precipitation 

of a white solid. A second recrystallization from hexanes afforded a 

73% yield of monomer grade material with a melting point of 67.2- 

69°C; Elem. Anal. Calcd. for C22H13CloaF302: C, 60.43; H, 3.00; Cl, 

~ 16.22. Found: C, 60.39; H, 3.01; Cl, 16.15, NMR (CDCl3) 8 7.06 (d, 2H, 

aromatic), 5 7.30 (d, 4H, aromatic), 5 7.34-7.4 (m, 3H, aromatic) 6 

8.09 (d, 4H, aromatic). 

3.2.1.19. Phenylphosphine sulfide dichloride 

Source Janssen Chimica, Belgium 

Empirical Formula CeHsClePS 

Molecular Weight 211.03 

Molecular Structure 

i 
CI-P-Cl 

Purification procedure: 

Phenylphosphine sulfide dichloride was used as received. 
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3.2.1.20. Bis(4-methylphenyl)phenylphosphine sulfide 

Source synthesized from phenylphosphine sulfide 

dichloride 

Empirical Formula C29Hi9PS 

Molecular Weight 322.38 

Molecular Structure 

Synthesis procedure: 

To a four neck, 2 liter, round bottom flask equipped with a 

reflux condenser, gas outlet, thermometer, glass stopper and 

magnetic stir bar, 100.00 g (0.47 mol.) of phenylphosphine sulfide 

dichloride and 260 mL (2.45 mol.) of toluene were added. After the 

solution temperature was raised to 70°C, 126.35 g (0.95 mol.) of 

A|ICl3 was added in 6 aliquots over the course of 1 hour. The 

reaction temperature was raised to 105°C and the extent of 

conversion monitored by TLC. After 7 hours, the contents were 

cooled to 25°C, poured into 600 mL of ice water and extracted with 

two 350 mL aliquots of chloroform. The chloroform extracts were 

combined, washed with 300 mL of 5% NaHCQO3, 1000 mL of water, 

dried with MgSO, and evaporated to a thick pink oil. Cooling the oil 

with agitation resulted in a pink solid. Slurring the solid in hexanes, 
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filtration and washing with hexanes resulted in a white solid. A 

second crop of crystals obtained from the hexanes filtrate afforded 

a total yield of 79% (m.p. = 150-153°C (lit. m.p. = 154°C [195)). 

3.2.1.21. Bis(4-methylphenyl)phenylphosphine oxide 

Source synthesized from _ bis(4-methylphenyl)phenyl- 

phosphine sulfide 

Empirical Formula C20H19OP 

Molecular Weight 306.32 

Molecular Structure 

O 
To a 500 mL, 4 neck, round bottom flask equipped with a reflux 

Synthesis procedure: 

condenser, addition funnel, thermometer and glass stopper, 54.26 g 

(0.17 mol.) of bis(4-methylphenyl)phenylphosphine sulfide was added 

along with 250 mL of acetic acid. The solution temperature was 

raised to 60°C and 11.75 g (0.10 mol.) of 30% aqueous hydrogen 

peroxide was added dropwise. After complete addition of the 

hydrogen peroxide, the reaction temperature was raised to 85°C and 

maintained for 1 hour. Upon cooling the reaction mixture to 23°C, it 

was filtered through Celite®, diluted with 500 mL of water and 
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extracted with two 250 mL aliquots of chloroform. The CHCl3 

extract was washed with water, 5% NaHCO3, water, dried with 

MgSO, and evaporated to a yellow viscous oil (Yield~95%). Repeated 

efforts to crystallize the product failed, therefore the product was 

confirmed by 1H NMR and used without further purification. NMR 

(CDClg3) 5 2.39 (s, 6H, CH3), 5 7.25 (d, 4H, aromatic), § 7.43 (m, 2H, 

aromatic) 5 7.54 (m, 5H, aromatic), 56 7.65 (m, 2H, aromatic). .Morgan 

and Herr reported crystallizing the oxide from n-heptane with great 

"difficulty (lit. m.p. = 79.5°C [195]). 

3.2.1.22. Bis(4-carboxyphenyl)phenyl phosphine oxide 

Source synthesized from bis(4-methylphenyl)phenyl- 

phosphine oxide 

Empirical Formula C29H1505P 

Molecular Weight 366.29 

Molecular Structure 

Synthesis procedure: 

To a 1 liter, three neck, round bottom flask equipped with a 

thermometer, reflux condenser and glass stopper, 72.40 g (0.24 mol.) 

of bis(4-methylphenyl)phenylphosphine oxide, 285 mL of pyridine 
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and 140 mL of water were added. The mixture was heated to 70°C, 

270.0 g (1.71 mol.) of KMnOqg was added in 20.0 g aliquots over the 

course of 4 hours. After complete addition of the KMnQOg4, the 

reaction temperature was increased to 95°C and maintained for 12 

hours. The reaction media was steam distilled to remove the 

pyridine, filtered and neutralization with 10% HCI to obtain a white 

precipitate. The precipitate was collected by filtration, washed 

with copious amounts of water, dissolved in 500 mL aqueous KOH 

and reintroduced into the reaction vessel. Two 25.00 g (0.32 mol.) 

aliquots of KMnO4 were added to the flask and the reaction | 

temperature increased to 90°C. After 5 hours, the reaction mixture 

was cooled to 30°C, filtered through Celite® and neutralized with 

10% HCl. The resulting precipitate was collected via filtration, 

washed with copious amounts of water and dried under reduced 

pressure for 24 hours at 100°C. Yield~76%, m.p. = 344-347°C (lit. 

m.p. = 340-342°C [199]). Literature suggests it is desirable to 

derivatize to the methyl ester to purify [195]. 

3.2.1.23. Bis(4-chlorocarbonylphenyl)phenylphosphine 

oxide (PPOAc) 

Source synthesized from bis(4-carboxypheny)l)- 

phenylphosphine oxide 

Empirical Formula C20H13Cl203P 

Molecular Weight 403.17 
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Molecular Structure 

cioc{)-#{ coc 

a 
Synthesis procedure: 

To a two neck, 125 mL, round bottom flask equipped with an Noa 

inlet and reflux condenser, 5.00 g (1.4 X 10-2 mol.) of bis(4- 

carboxypheny])-phenylphosphine oxide, 17 mL of 1,1-dichloroethane 

and 5.68 g (2.8 X 10-2 mol.) of phosphorus pentachloride were added. 

The reaction temperature was raised to reflux and maintained until 

the reaction mixture became homogeneous. Infrared spectroscopy 

(COOH stretch at 3500-2800 cm-') indicated no carboxylic acid 

peaks, so the reaction mixture was cooled to 23°C, diluted with 10 

mL of toluene and exposed to rotary evaporation until a viscous oil 

resulted. Diluting the oil with hexanes resulted in a light yellow 

solid. Quantitative yields were obtained prior to recrystallization. 

Purification methods consisted of dissolving the product in toluene, 

evaporating to a oil and precipitating with a 2:1 mixture of ethyl 

acetate/hexane. Two precipitations resulted in white material 

which exhibited the correct 1H NMR. spectra and a melting point of 

136-139°C (lit. m.p. = 128-129°C [196]). Similar results were 

obtained using SOCle and previous mentioned methods. 

117



3.2.1.24. 4,6-Diaminoresorcinol Dihydrochloride 

Source 

Empirical Formula 

Molecular Weight 

Molecular Structure 

Purification procedure: 

(DAR*2HCl) 

Dow Chemical Company 

CeaHi9CleaN20e 

213.06 

HO OH 
Cr*H,N NH,*Cr 

4,6-Diaminoresorcinol dihydrochloride was used as received. 

3.2.1.25. N,N’',O,O'-Tetra(trimethylsilyl)-4,6-diamino- 

Source 

Empirical Formula 

Molecular Weight 

Molecular Structure 

resorcinol (SDAR) 

synthesized from 4,6-diaminoresorcinol 

dihydrochloride 

CisgH4goN202Si4 

428.86 

Me,SiO OSiMe, 
Me,SiHN NHSiMe, 
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Synthesis procedure: 

To a flame dried 250 mL, two neck, round bottom flask, 5.00 g 

(2.3 X 10-2 mol.) of 4,6-diaminoresorcinol dihydrochloride, 80 mL of 

tetrahydrofuran and 23.77 mL (0.17 mol.) of triethylamine were 

combined and cooled to 23°C. Immediately, 12.51 mL (9.9 x 10-2 

mol.) of trimethylsilyl chloride (Aldrich) was added over a period of 

10 minutes. The reaction was allowed to continue at 23°C for 3 

hours and 14 hours at 60°C. After cooling to 23°C, the solution was 

pressure filtered with No through pretreated Celite® (pretreated 

with triethylamine and tetrahydrofuran) twice and evaporated to 

dryness by rotary evaporation. The resulting brownish solid was 

vacuum distilled at 110-125°C (500 mtorr) twice with the fraction 

at 120-125°C being collected. Yield~61%, NMR (CDCl3) 6 0.21 (s, 

18H, NHSi(Me)3), 5 0.24 (s, 18H, OSi(Me)3)), 8 3.51 (s, 2H, NH) 5 6.19 

(Ss, 1H, aromatic), 8 6.25 (s, 1H, aromatic), Elem. Anal. Calcd. for 

CigHagN2O0e2Si4: C, 50.41; H, 9.40; N, 6.53. Found: C, 48.81; H, 8.79; 

N, 8.77. N,N',O,O'-Tetra(trimethylsilyl)-4,6-diaminoresorcinol has 

been reported, but experimental data is unavailable in English [197]. 

A possible explanation for the difference in mass percentages could 

be the hydrolysis of trimethylsilyl groups during shipping and 

handling. Hydrolysis of trimethylsilyl groups would result in a 

higher percentage of nitrogen and lower percentages of carbon and 

hydrogen. The fact that high polymer could be generated from this 

material is indirect evidence of high monomer purity. 
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3.2.1.26. 2,2-Bis(4-methoxyphenyl)propane 

Source synthesized from 2,2-bis(4-hydroxyphenyl)- 

propane 

Empirical Formula C17H2002 

Molecular Weight 256.33 

Molecular Structure 

CH; 

CH; 

Synthesis procedure: 

To a 500 mL, four neck, round bottom flask equipped with a 

reflux condenser, No inlet, thermometer and glass stopper, 30.00 g 

(0.13 mol.) of 2,2-bis(4-hydroxyphenyl)propane, 60 mL of acetone, 

36.79 g (0.27 mol.) of potassium carbonate and 38.22 g (0.27 mol.) of 

methyl iodide were combined and heated to reflux. After 24 hours, 

an additional 5.00 g (3.5 X 10-2 mol.) of methyl iodide was added and 

the reaction allowed contender for an additional 24 hours. The 

reaction mixture was cooled to 23°C, diluted with 300 mL of 

deionized water and extracted with 200 mL of chloroform. The 

organic extract was washed with water, 10% NaOH, water, saturated 

NaCl solution, dried with MgSO4 and exposed to rotary evaporation to 

yield a clear viscous oil (Yield~72%). Trituration of the oil with 

deionized water afforded a white solid exhibiting a melting point of 

50-52°C after exposure to vacuum for 24 hours. NMR (CDCl3) 6 1.64 
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(s, 6H, CH3), 5 3.78 (s, 6H, OCH3), 5 6.80 (d, 4H, aromatic) 5 7.14 (d, 

4H, aromatic), Elem. Anal. Calcd. for C17H2902: C, 79.65; H, 7.86. 

Found: C, 79.61; H, 7.84. 

3.2.1.27. 2,2-Bis(4-methoxy-3-nitrophenyl)propane 

Source synthesized from 2,2-bis(4-methoxyphenyl)- 

propane 

Empirical Formula C17HigN20¢ 

Molecular Weight 346.33 

Molecular Structure 

NO, 

F-oon 
O,N 

\ CH, 

wcoX) CH, 

Synthesis procedure: 

To a 500 mL, four neck, round bottom flask equipped with a 

reflux condenser, liquid addition funnel, No/thermometer inlet and 

glass stopper, 24.18 g (9.4 X 10-2 mol.) of 2,2-bis(4- 

methoxyphenyl)propane and 50 mL of acetic anhydride were 

combined and cooled to 10°C. Over the course of 1.5 hours, a 

solution of 17.41 g (0.19 mol.) of 70% nitric acid in 8 mL of acetic 

acid was added slowly while maintaining the temperature between 

10-15°C. The reaction mixture was treated with an additional 1.5 

mL of 70% HNOg3 and warmed to 23°C for 2 hours Finally the reaction 
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mixture was treated slowly with 300 mL of ice water and filtered. 

The yellow solid was washed with copious amounts of water and 

dried under reduced pressure for 20 hr at 85°C (Yield~90%). 

Recrystallization from 95% ethanol afforded yellow crystals (104- 

105.6°C). NMR (CDCl3) 5 1.67 (s, 6H, CH3), 5 3.92 (s, 6H, OCH3)), 5 

6.98 (d, 2H, aromatic) 6 7.28 (d, 2H, aromatic), 6 7.73 (s, 2H, 

aromatic), Elem. Anal. Calcd. for C17H1gN20¢: C, 58.95; H, 5.24; N, 

8.09. Found: C, 59.07; H, 5.23; N, 8.07. 

3.2.1.28. 2,2-Bis(3-amino-4-methoxyphenyl)propane 

Source synthesized from 2,2-bis(4-methoxy-3- 

nitrophenyl)propane 

Empirical Formula C17H22Ne202 

Molecular Weight 286.37 

Molecular Structure 

Synthesis procedure: 

To a 500 mL pressure reactor, 23.61 g (6.8 X 10-2 mol.)of 2,2- 

bis(4-methoxy-3-nitrophenyl)propane, 400 mL of methanol and 1.19 

g of 10% palladium on charcoal were added. The system was purged 

with Ha for 20 minutes, pressurized to 50 psi and heated to 30°C. 
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After 3 hours, the solution was pressure filtered through Celite® 

and stripped of methanol via rotary evaporation. The resulting 

brown viscous oil was put under vacuum (500 mtorr) for 24 hours at 

45°C. Repeated efforts to purify the oil via distillation, 

crystallization and salt formation failed, so the product was 

confirmed by 1H NMR and used without further purification. NMR 

(CDCl3) 5 1.56 (s, 6H, CH3), 5 3.66 (s, 4H, NHo2), 5 3.80 (s, 6H, OCH3)), 5 

6.54 (s, 2H, aromatic) 5 6.62 (d, 2H, aromatic), 5 6.67 (d, 2H, 

aromatic), Elem. Anal. Calcd. for C17H22N2O0e: C, 71.30; H, 7.74; N, 

9.78. Found: C, 67.84; H, 7.36; N, 9.23. The difference in mass 

percentages could be attributed to impurities. 

3.2.1.29. 2,2-Bis(4-methoxy-3-benzoylamino)propane 

Source synthesized from 2,2-bis(3-amino-4- 

hydroxyphenyl) propane 

Empirical Formula C31H39N202 

Molecular Weight 462.57 

Molecular Structure 
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Synthesis procedure: 

To a two neck, 125 mL round bottom flask equipped with a 

No/thermometer inlet and drying tube, 3.08 g (1.1 X 10-2 mol.) of 

2,2-bis(3-amino-4-methoxypheny!)propane and 25 mL of N- 

methylpyrrolidinone were added, allowed to become homogeneous 

and cooled to 5-10°C. Immediately, 3.30 mL (2.6 X 10-2 mol.)of 

triethylamine was added followed by 2.74 mL (2.4 X 10-2 mol.) of 

benzoyl chloride (added dropwise over a period of 10 minutes). 

After 20 minutes the reaction temperature was increased to 23°C 

and maintained for 3 hours. The reaction mixture was filtered to 

remove the triethylamine hydrochloride salt and precipitated into 

350 mL of water. The white precipitate was coagulated by adding 

NaCl, filtered and washed with copious amounts of water. The 

product was reprecipitated twice from methanol by slowly adding 

water. After filtration, washing with water and drying under 

reduced pressure at 100°C for 20 hours, a 87% yield was recovered 

m.p. = 179-182°C). NMR (dg-DMSO) 6.1.61 (s, 6H, CH3), 5 3.78 (s, 6H, 

OCHs3), 5 6.98 (d, 2H, aromatic), 5 7.4 (d, 2H, aromatic) 5 7.48 (t, 4H, 

aromatic), d 7.55 (t, 2H, aromatic), d 7.91 (d, 4H, aromatic), 5 9.37 

(s, 2H NH), Elem. Anal. Calcd. for C31H39N204: C, 75.28; H, 6.11; N, 

5.66. Found: C, 75.11; H, 6.16; N, 5.59. 

3.2.1.30. 4-lodobenzoic Acid 

Source Aldrich 
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Empirical Formula C7HslOe 

Molecular Weight 248.02 

Molecular Structure 

Purification procedure: 

4-lodobenzoic acid was used as received. 

3.2.1.31. Methyl 4-iodobenzoate 

Source synthesized from 4-iodobenzoic acid 

Empirical Formula CgH7lOe 

Molecular Weight 262.05 

Molecular Structure 

IX{_)-co.cn, 

Synthesis procedure: 

To a one neck, 500 mL, round bottom flask equipped with a stir 

bar and reflux condenser, 41.40 g (0.17 mol.) of 4-iodobenzoic acid, 

400 mL of HPLC grade methanol and 3.00 g of concentrated sulfuric 

acid were added and heated to reflux. After 16 hours, 200 mL of 

methanol were removed from the reaction flask via rotary 

evaporation, 300 mL of deionized water added and the solution made 
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slightly basic with NaHCO3. The precipitate was filtered off, 

washed with copious amounts of water and aspirator dried. 

Sublimation of the solid resulted in white crystals (Yield~80%). M.p. 

= 112.7-114°C (lit. m.p. = 114°C [192]). 

3.2.1.32. Phenylacetylene 

Source Aldrich 

~ Empirical Formula CaH,e 

Molecular Weight 102.13 

Molecular Structure 

Oreos 
Purification procedure: 

To a flame dried, one neck, 250 mL, round bottom flask 

containing pretreated 4A molecular sieves, 100.00 g (0.98 mol.) of 

phenylacetylene was added, purged with No, and fitted with a flame 

dried distillation apparatus. Immediately, 20 torr of vacuum was 

applied and flask heated to the distillation temperature. After 

discarding the first 5 mL, approximately 90 mL of water white 

phenylacetylene was collected between 45-47°C, sealed with a 

rubber septa, purged with nitrogen and stored in the freezer. 
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3.2.1.33. Methyl 4-phenylethynylbenzoate 

Source synthesized from methyl 4-iodobenzoate 

Empirical Formula C16H1202 

Molecular Weight 236.26 

Molecular Structure 

€ \-cac-(_)-corcn 

Synthesis procedure: 

To a flame dried, three neck, 250 mL, round bottom flask 

equipped with a reflux condenser and 2 septa, 12.03 g (4.6 X 10-2 

mol.) of methyl 4-iodobenzoate, 40 mL of triethylamine, 6.06 mL 

(5.5 x 10-2 mol.) of phenyl acetylene and 0.093 g (3.5 X 10-4 mol.) of 

triphenylphosphine were charged and warmed to 40°C. In the dark, 

0.047 g (5.9 X 10-5 mol.) of PdCla(PPh3)2 was added with 20 mL of 

triethylamine and the solution warmed to 60°C. Copper iodide 

(0.019 g, 1.0 X 10-4 mol.) ) was added and the reaction temperature 

further increased to 72°C. After 12 hours in the dark, the reaction 

mixture was cooled to 30°C, diluted with 100 mL of tetrahydrofuran, 

filtered and exposed to rotary evaporation. The resulting light 

brown solid was slurried with methanol, washed with methanol and 

aspirator dried. Yield~95%. The product was confirmed by 1H NMR 

(Figure 4.18) and derivatization (acid and acid chloride). Methyl 4- 

phenylethynyl benzoate has been reported by Bumagin et al [198]. 
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3.2.1.34. 4-Phenylethynylbenzoic Acid 

Source synthesized from methyl 4-phenylethynyl- 

benzoate 

Empirical Formula C15H1902 

Molecular Weight 222.23 

Molecular Structure 

QP-c2c-)-co 

Synthesis procedure: 

In a one neck, 500 mL, round bottom flask equipped with a reflux 

condenser, 10.37 g (4.4 X 10-2 mol.) of methyl 4-phenylethyny!| 

benzoate was slurried in 200 mL of methanol, 50 mL of deionized 

water and 20.00 g (0.50 mol.) of NaOH (NaOH was dissolved in water 

prior to addition). The reaction temperature was raised to reflux 

and maintained for 3 hours. After cooling to 5°C, the reaction 

mixture was diluted with 200 mL of water and neutralized with 5N 

HCl. The resulting off-white solid was collect by filtration, washed 

with an excess of water and dried under reduced pressure at 90°C 

for 24 hours (Yield~96%). The product was confirmed by 1H NMR 

(Figure 4.18) and chlorinated without further purification (m.p. = 

225-230°C (lit. m.p. = 221-222°C [199]). 
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3.2.1.35. 4-Phenylethynylbenzoyl chloride 

Source synthesized from 4-phenylethynylbenzoic 

acid 

Empirical Formula C15H 9CIO 

Molecular Weight 240.68 

Molecular Structure 

Once) 
Synthesis procedure: 

In a 100 mL, one neck, round bottom flask equipped with a reflux 

condenser, 5.00 g (2.2 X 10-2 mol.) of 4-phenylethynylbenzoic acid 

was slurried in 25 mL of thionyl chloride and 2 drops of N,N- 

dimethylformamide. The reaction temperature was raised to 55°C 

and maintained for 8 hours. After cooling the homogeneous solution 

to 40°C, it was filtered through a medium porosity fritted funnel 

with nitrogen into a flame dried flask. Subsequent evaporation of 

thionyl chloride resulted in a yellow solid which was slurried with 

hexanes, filtered and dried under reduced pressure at 23°C. 

Fractional vacuum distillation of the product at 700 mtorr (fraction 

collected at 190-193°C) resulted in an off-white solid. Yield~66%, 

m.p. = 86.0-87.6°C (lit. m.p. = 88-89°C [200}). 
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3.2.2. Solvents 

3.2.2.1. N-Methylpyrrolidinone (NMP) 

Source Fisher 

Empirical Formula Cs5HgON 

Molecular Weight 99.13 

Boiling Point 78-79°C/10mm 

Density at 25°C 1.033 

Molecular Structure 

O 

{ N—CH, 

In a 2 liter, one neck, round bottom flask equipped with a 

Purification procedure: 

Dririte® drying tube, 1500 mL of N-methylpyrrolidinone and 10.00 g 

of phosphorus pentoxide were combined and allowed to stir for 24 

hours. The flask was fitted with a distillation apparatus (Figure 

3.2) and heated to the reflux temperature of NMP at 10 torr. After 2 

hours at reflux, 100 mL were collected and discarded. The 

remaining NMP, except for the last 100 mL, were collected, sealed 

with a rubber septum and purged with No prior to storage. 
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3.2.2.2. N,N-Dimethylacetamide (DMAc) 

Source Fisher 

Empirical Formula C4HgON 

Molecular Weight 87.12 

Boiling Point 164-166°C 

Density at 25°C 0.938 

Molecular Structure 

H,C N—CHs 

HC 

Purification procedure: 

In a 2 liter, one neck, round bottom flask equipped with a 

Dririte® drying tube, 1500 mL of N,N-dimethylacetamide and 10.00 

g of phosphorus pentoxide were combined and allowed to stir for 24 

hours. The flask was fitted with a distillation apparatus (Figure 

3.2) and heated to the reflux temperature of DMAc at 10 torr. After 

2 hours at reflux, 100 mL were collected and discarded. The 

remaining DMAc, except for the last 100 mL, were collected, sealed 

with a rubber septum and purged with No prior to storage. 

3.2.2.3. N-Cyclohexylpyrrolidinone (CHP) 

Source Fisher 
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Empirical Formula Ci9H170ON 

Molecular Weight 167.25 

Boiling Point 153-154°C/7mm 

Density 1.007 

Molecular Structure 

O 

on0, 
Purification procedure: 

In a 1 liter, one neck, round bottom flask equipped with a 

Dririte® drying tube, 750 mL of N-cyclohexylpyrrolidinone and 5.00 

g of phosphorus pentoxide were combined and allowed to stir for 24 

hours. The flask was fitted with a distillation apparatus (Figure 

3.2) and heated to the reflux temperature of CHP at 10 torr. After 2 

hours at reflux, 25 mL were collected and discarded. The remaining 

CHP, except for the last 50 mL, were collected, sealed with a rubber 

septum and purged with No prior to storage. 

3.2.2.4. o-Dichlorobenzene (DCB) 

Source Fisher 

Empirical Formula CeH4Clo 

Molecular Weight 147.00 

Boiling Point 178-180°C 
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Density 1.306 

Molecular Structure 

Cl 

Ch 
Cl 

Purification procedure: 

In a 2 liter, one neck, round bottom flask equipped with a 

Dririte® drying tube, 1500 mL of o-dichlorobenzene and 5.00 g of 

pulverized calcium hydride were combined and allowed to stir for 

24 hours. The flask was fitted with a distillation apparatus (Figure 

3.2) and heated to the reflux temperature of DCB at 10 torr. After 2 

hours at reflux, 100 mL were collected and discarded. The 

remaining DCB, except for the last 100 mL, were collected, sealed 

with a rubber septum and purged with No prior to storage. 

3.2.2.5. Toluene 

Source Fisher 

Empirical Formula C7Hg 

Molecular Weight 92.14 

Boiling Point 110-111°C 

Density 0.867 

Molecular Structure 
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Oa 
Purification procedure: 

In a 1 liter, one neck, round bottom flask, 750 mL of toluene and 

5.00 g of pulverized calcium hydride were combined. The flask was 

fitted with a distillation apparatus (Figure 3.2) and heated to the 

reflux temperature of toluene. After 2 hours at reflux, 25 mL were 

collected and discarded. The remaining toluene, except for the last 

50 mL, were collected, sealed with a rubber septum and purged with 

Noe prior to storage. 

3.2.2.6. Tetrahydrofuran (THF) 

Source Fisher 

Empirical Formula C4HgO 

Molecular Weight 72.10 

Boiling Point 67°C 

Density at 25°C 0.866 

Molecular Structure 
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Purification procedure: 

To a two liter, 1 neck, round bottom flask, 1500 mL of 

tetrahydrofuran, 10.0 g of sodium metal and 1 granule of 

benzophenone were added. The flask was equipped with a 

distillation apparatus (Figure 3.2) and purged with No. After heating 

to the reflux temperature of THF and allowing the solution to turn 

purple, desired aliquots of THF were removed via canula and stored 

in flame dried, septum sealed flasks under nitrogen. 

3.2.2.7. Triethylamine (TEA) 

Source Fisher 

Empirical Formula CeHisN 

Molecular Weight 101.19 

Boiling Point 89-90°C 

Density at 25°C 0.726 

Molecular Structure 

CH,CH, 
ny 7CHLCH 
/ 
CH,CH, 

Purification procedure: 

In a one neck, 500 mL, round bottom flask, 350 mL of 

triethylamine and 5.00 g of pulverized calcium hydride were 

combined and stirred for 2 hours. The flask was equipped with a 
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distillation apparatus, purged with Nz, heated to the reflux 

temperature of THF and distilled under a nitrogen blanket. After 

discarding the first 25 mL, the TEA was collected in a flame dried 

flask, sealed with a septum and purged with No prior to storage. 

3.2.2.8. Pyridine 

Source Fisher 

Empirical Formula CsHsN 

Molecular Weight 79.10 

Boiling Point 114-115°C 

Density at 25°C 0.979 

Molecular Structure 

Purification procedure: 

In a one neck, 500 mL, round bottom flask, 350 mL of pyridine 

and 5.00 g of calcium hydride were combined and stirred for 2 hours. 

The flask was equipped with a distillation apparatus, purged with 

Ne and the pyridine distilled under a nitrogen blanket. After 

discarding the first 25 mL, the pyridine was collected in a flame 

dried flask, sealed with a septum and purged with No prior to 

storage. 
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3.3. Synthesis of Polymers and Oligomers 

3.3.1. General Poly(hydroxy amide) Synthesis 

Poly[imino-1,4-(2-hydroxyphenylene)([2,2,2-trifluoro-1- 

(trifluoromethyl)ethylidene]-1,4-(3-hydroxyphenylene)- 

iminocarbonyl-1,4-phenyleneoxy-1,4-phenylenecarbonyl] (6FAP- 

ODBC poly(hydroxy amide)) was synthesized using the following 

monomers and solvents. The reaction vessel used in the 

polymerization is shown in Figure 3.3. 

6F Aminopheno! (6FAP) 3.6626 g 10.0 mmoles 

4,4'-Oxydibenzoyl Chloride 2.9512 g 10.0 mmoles 

Pyridine 2.18 mL 27.0 mmoles 

NMP 33 mL 

Polymerization procedure: 

To a flame dried, three neck, 125 mL, round bottom flask 

equipped with an overhead stirrer, No/thermometer inlet and liquid 

addition funnel equipped with a drying tube, 3.6626 g of 2,2-bis(3- 

amino-4-hydroxyphenyl)hexafluoropropane (6FAP), 20 mL of N- 

methylpyrrolidinone (NMP) and 2.18 mL of pyridine were charged 

under No purge. After the solution became homogeneous, it was 

cooled to 5°C and treated with an NMP/4,4'-oxydibenzoyl chloride 

solution (2.9512 g of 4,4’-oxydibenzoyl chloride dissolved in 5 mL of 
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Figure 3.3. Reaction vessel used to synthesis poly(hydroxy amide)s 
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NMP) from the liquid addition funnel. Addition was made dropwise 

so as to maintain the reaction temperature below 10°C. After 

approximately half the acid chloride solution had been added, 

the stirring rate was continuously increased to avoid gelation of the 

reaction mixture. After all the acid chloride had been added, the 

addition funnel was washed twice with 4 mL aliquots of NMP and the 

reaction temperature increased to 23° by removing the ice water 

bath. After 12 hours at 23°C, the reaction mixture was precipitated 

~ into 500 mL of methanol/water (50:50) using a Waring blender. 

Fibrous, white polymer was collected, washed with 300 mL of 50:50 

methanol/water, 300 mL of deionized water and dried under reduced 

pressure for 24 hours at 120°C. Nearly quantitative yields were 

achieved. 

3.3.2. Phenylethynyl terminated poly(hydroxy 

amides) 

A phenylethynyl terminated 6FAP-ODBC poly(hydroxy amide) (Mn 

= 5000 g/mol) was synthesized using the following monomers and 

reagents. The molar amounts of difunctional and monofunctional 

reagents used in the polymerization were determined using the 

Carothers equation [188,189]. 

6F Aminophenol (6FAP) 6.5927 g 18.0 mmoles 
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4,4'-Oxydibenzoy!l Chloride 4.7220 g 16.0 mmoles 

4-Phenylethynylbenzoyl Chloride 0.9627 g 4.0 mmoles 

Pyridine 3.90 mL 48.4 mmoles 

NMP 45 mL 

Polymerization procedure: 

To a flame dried three neck, 125 mL, round bottom flask 

equipped with an overhead stirrer, No/thermometer inlet and liquid 

addition funnel equipped with a drying tube, 6.5927 g of 2,2-bis(3- 

amino-4-hydroxyphenyl)-hexafluoropropane (6FAP), 30 mL of N- 

methyl-pyrrolidinone (NMP), 3.90 mL of pyridine and 0.9627 g of 4- 

phenylethynylbenzoyl chloride were charged under No flow. After 

the solution became homogeneous, it was cooled to 5°C and treated 

with an NMP/4,4'-oxydibenzoyl chloride solution (4.7220 g of 4,4'- 

oxydibenzoyl chloride dissolved in 7 mL of NMP) from the liquid 

addition funnel. The addition was made dropwise so as to maintain 

the reaction temperature below 10°C. After approximately half the 

acid chloride solution had been added, the stirring rate was 

continually increased to avoid gelation of the reaction mixture. 

Once all the acid chloride had been added, the addition funnel was 

washed with two 4 mL aliquots of NMP and the reaction temperature 

raised to 23° by removing the ice water bath. After 12 hours at 

23°C, the reaction mixture was precipitated into 1 liter of 

methanol/water (50:50) using a Waring blender. The white polymer 

was collected, washed with 300 mL of 50:50 methanol/water, 300 
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mL of deionized water and dried under reduced pressure for 24 hours 

at 120°C. The yield was nearly quantitative. 

3.3.3. General Polybenzoxazole Synthesis 

Poly[2,6-benzoxazolediyl[2,2,2-trifluoro-1-(trifluoro- 

methyl)ethylidene]-6,2-benzoxazolediyl-1,4-phenyleneoxy-1,4- 

phenylene] (GFAP-ODBC polybenzoxazole) was synthesized using the 

following reagents. Phenylethynyl terminated polybenzoxazoles 

were generated in a similar fashion. The reaction vessel used for 

the cyclization reaction is shown in Figure 3.4. 

6FAP-ODBC Poly(hydroxy amide) 5.00 g 85.0 mmoles 

p-Toluenesulfonic acid 

monohydrate 0.16 g 8.5 mmoles 

Toluene 5 mL 

NMP 20 mL 

Cyclization procedure: 

To a 3 neck, 125 mL, round bottom flask equipped with an 

overhead stirrer, Dean-Stark trap fitted with a reflux condenser and 

a No/thermometer inlet, 0.160 g of p-toluenesulfonic acid 

monohydrate was added along with 5 mL of toluene and 5 mL of NMP. 

The Dean-Stark trap was filled with toluene and the reaction 

temperature raised to the azeotrope temperature of the system 
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(~130°C). After 2 hours, the reaction vessel was cooled to 50°C and 

5.00 g of 6FAP-ODBC poly(hydroxy amide) was added along with 15 

mL of NMP. The reaction system was purged with nitrogen and 

heated to 155-160°C. Immediately upon reaching the azeotrope 

temperature of the system, water was noticed collecting in the 

Dean-Stark trap. After 12 hours (reaction complete by 1H NMR), the 

reaction mixture was cooled to 23°C and precipitated into 100 mL 

of methanol. The off-white polymer was collected by filtration, 

* washed multiple times with water and methanol and finally dried 

under reduced pressure at 160°C for 24 hours. Nearly quantitative 

yields of polymer were recovered. 
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3.4. Analysis of Oligomers and Polymers 

3.4.1. Intrinsic Viscosity Determinations 

Intrinsic viscosities or the limiting viscosity number of 

polymers were determined using Cannon-Ubbelohde viscometers 

with bore sizes ranging from 50 to 200. The temperature at which 

the measurements were made was thermostatically controlled using 

a large water bath. Initial polymer solutions were typically 

composed of 0.200 g of polymer in 20 mL of a suitable HPLC grade 

solvent. Eight milliliters of the filtered solution were pipetted into 

a viscometer, the temperature equilibrated at 25°C and flow times 

recorded until 3 consecutive flow times with a variance in time of 

0.20 seconds or less was obtained. The solution was then diluted 

with 4 mL of solvent and the procedure repeated. A total of 3 

concentrations were required to obtain reliable data. In addition to 

the polymer solutions, the control flow time of pure solvent was 

also determined. 

To calculate the intrinsic viscosity ([n]), the relative viscosity 

(Nrei), specific viscosity (Nsp), inherent viscosity (Ninh) and reduced 

viscosity (Nreg) has to be determined. The data used to determine 

each of these viscosities comes from the average of 3 consecutive 

retention times (t) at each polymer concentration (c) and the 
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average solvent retention time (to). Typically, at least three 

different polymer concentrations are used, but four is suggested for 

higher precision. The following relationships were used to 

calculate the viscosities: 

rel = tito 

Nsp = (t-to)/to 

Ninh = (IN Nrei)/c 

Nred = Nsp/C. 

Intrinsic viscosity is determined by plotting the nreg and the ninh 

versus concentration, extrapolating both lines to zero concentration 

and averaging the zero concentration values of nreg and ninh. 

3.4.2. Nuclear Magnetic Resonance Spectroscopy 

(NMR) 

NMR measurements were made on a Varian 400 MHz spectrometer 

at 24°C. Samples were run as solutions, dissolved in either 

deuterated chloroform or deuterated dimethyl! sulfoxide or some 

nondeuterated solvent which was spiked with one of the above 

mentioned deuterated solvents. In some cases the spectra were 

referenced to tetramethylsilane, but in most cases the spectra were 

referenced to the deuterated solvent. Shifts are reported in ppms. 
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3.4.3. Fourier Transform Infrared Spectroscopy 

(FT-IR) 

Fourier transformed infrared spectra collected on monomers and 

polymers were made on a Nicolet MX-1 Spectrometer which had been 

upgraded to a 10-DX instrument. The spectra were gathered at room 

temperature with a sweep width of 400-4000 cm-1 and a resolution 

of 4 cm-'t. Monomer samples were prepared in the form of KBr 

pellets and polymer samples were analyzed as thin films or as KBr 

pellets. 

3.4.4. Differential Scanning Calorimetry (DSC) 

Differential scanning calorimetry was used to monitor thermal 

transitions, such as glass transitions, melting points, 

crystallization behavior or cure profiles. Data was obtained on a 

DuPont 912 (dual head) differential scanning calorimeter (DSC) 

coupled with a DuPont Thermal Analyst 2100 microprocessor. 

Experiments were conducted with sample sizes of approximately 15 

mg, and at a scan rate of 10°C per minute. Glass transition 

temperatures (Tg's) were obtained from the second scan and 

calculated using the half-height method. Melting transitions or cure 

temperatures were reported as the maximum in the respective 

endotherm or exotherm. 
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3.4.5. Dynamic Mechanical Thermal Analysis 

(DMTA) 

Dynamic mechanical thermal analysis was used in conjunction 

with DSC to monitor thermal transitions in some of the polymer 

samples. The instrument used to make these measurements was a 

Seiko Model 200 DMS. Measurements were made on thin films 

measuring approximately 1 cm by 3 cm, at a frequency of 1 Hz and a 

scan rate of 10° per minute. 

3.4.6. Dynamic Thermal Gravimetric Analysis 

(TGA) 

Dynamic thermal gravimetric analysis was used as a screening 

tool to identify polymers which displayed outstanding thermo- 

oxidative stability in aggressive environments. The instrument used 

to perform this task was a DuPont 915 Thermogravimetric Analyzer 

equipped with a DuPont Thermal Analyst 2100 microprocessor. 

Samples were either in the form of films or powders with initial 

weights ranging from 5-15 mg, depending on sample form. Most of 

the experiments were performed in an atmosphere of air (No was 

used occasionally) at a heating rate of 10°C per minute, with a 

temperature range of 30-750°C. 
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3.4.7. Isothermal Thermal Gravimetric Analysis 

(TGA) 

To complement the thermo-oxidative stability data obtained 

from dynamic TGA, isothermal thermo-oxidative stability data was 

also collected. Preliminary isothermal data was collect on a 

Perkin-Elmer TGA7 Thermogravimetric Analyzer using film samples 

of approximately 5 mils in thickness. Data was collected over a 24 

hour period at 371°C in an air atmosphere. In addition to using a 

TGA head to collect thermal stability data, a Big Blue conventional 

forced air oven was used. Films measuring approximately 4 inches 

by 6 inches by ~2-5 mil in thickness were placed in aluminum pans 

and loaded into the oven which had been preheated to 371°C. Air 

flow was approximately 0.5 psi (25 cf/hour) and samples were 

weighed periodically via an exterior toploading balance. 

3.4.8. Thermal Gravimetric Analysis - Mass 

Spectrometry (TGA-MS) 

Thermal gravimetric analysis coupled mass spectrometry data 

was used to monitor the percent cyclization in the 

polybenzoxazoles. The TGA-MS data was obtained on Perkin-Elmer 

TGS-2 thermogravimetric analyzer equipped with a Hewlett-Packard 

5971A mass selective detector, working in the electron impact 
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ionization mode. After a 10 minute purge with helium, thin film 

samples were subjected to a heating rate of 40°C per minute in a 

helium carrier gas. The mass selective detector was configured to 

scan the 15-300 m/z region, completing 0.7 scans per second. 

3.4.9. Hot Stage Optical Analysis 

Optical micrographs of crystalline polybenzoxazoles containing 

fluorinated linkages were obtained using a Zeiss Axioplan polarized 

optical microscope equipped with a Zeiss camera and Linkam hot 

stage. Samples were prepared by casting films from polymer 

solutions (1% solids (w/v)) and removing the the solvent in a 

vacuum oven. Analysis of the polymers was done in a nitrogen 

atmosphere and at a heating rate of 5°C/minute. 

3.4.10. Stress-Strain Measurements 

Tensile properties of solution cast thin films were determined 

using an INSTRON tensile tester, model 1123. Dogbone shaped 

specimens were cut from unoriented films (1-10 mils thick) using a 

steel rule die (ASTM-6381V). Samples measuring 10 mm in length 

and 2.76 mm in width were clamped between pneumatic clamps and 

elongated at a rate of 0.50 inches per minute at room temperature. 
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The modulus was determined by drawing a tangent to the initial 

slope of the stress-strain curve. The results were reported as an 

average of at least four measurements. In all cases, an 

extensiometer was employed during the measurement. 

3.4.11. Titration Methods 

A number of aminophenol monomers synthesized were analyzed 

for amine functionality using titration methods. The acid-base 

titration's were carried out using an MCI GT 05 Automatic Titrator 

fitted with a standard glass combination pH electrode with Ag/AgCl 

reference as an endpoint detector. The HBr in methanol titrant 

(~0.020 molar) was standardized using potassium hydrogen 

phthalate in 65 ml of a 1:2.5 (v/v) glacial acetic acid/ 

tetrahydrofuran solvent system. The glacial acetic acid/THF 

solvent system was also employed in the titration of the amines. 

During the titration, a change in potential was observed as a 

function of titrant volume added. The endpoint volume was 

determined from the maximum in the ist derivative curve of the 

titrant volume versus potential plot. Determination of molecular 

weight from titration was based on the following formula: 

N 
Molecular Weight = W x ———————— 

C x (V-V,) 
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where W is the mass of monomer or polymer, N is the number of 

functional groups per molecule, C is the titrant molarity, V is the 

titrant volume at the endpoint and Vp is the volume of titrant 

required to titrate a solvent blank. 

3.4.12. Melting Point Determinations 

Melting points were determined on a Laboratory Devices Mel- 

Temp Il melting point apparatus at a heating rate of 2°C/minute. 

Melting points are quoted uncorrected. 

2.4.13. Gel Permeation Chromatography 

GPC measurements were performed on a Waters 150-CAL/GPC 

equipped with a viscosity and refractive index detectors. <Mn> and 

<Mw>/<Mn> values for the polybenzoxazoles were determined using 

universal calibration techniques [201]. 
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Chapter 4 

RESULTS AND DISCUSSION 

4.1. Introduction 

The state of the art technology for generating polybenzoxazoles 

is based on the early work of lwakura, Arnold and Wolfe [17,89,106]. 

This synthetic procedure utilizes a polyphosphoric acid/P205 

reaction medium to generate wholly aromatic, liquid crystalline 

polymers which exhibit phenomenal thermal and mechanical 

properties [110]. In fact, fibers generated from liquid crystalline 

dopes have been shown to be some of the most thermo-oxidatively 

stable polymers known to date. Unfortunately, as with most 

polymers, a trade off in processing and/or mechanical properties is 
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required to obtain these excellent properties and polybenzoxazoles 

are no exception. 

The major drawbacks associated with these materials are low 

transverse tensile strengths and less than favorable processing 

conditions. The problem of low transverse tensile strengths is 

related to the high degree of ordering which takes place in the liquid 

crystalline state, in addition to the low interchain secondary 

bonding interactions. The completely aromatic nature and absence 

' of acidic sites along the polymer backbone prevents 

polybenzoxazoles from displaying strong secondary bonding. forces 

such as H-bonding or dipole-dipole interactions. This lack of 

interchain cohesion is believed to be responsible for the low 

transverse tensile and compressive strengths observed [18]. 

Reduction of the ordering within a particular system is a viable 

option for enhancing transverse mechanical properties, but 

unfortunately the desirable mechanical properties in the machine 

direction are also compromised when isotropic systems are 

employed. The drawbacks associated with processing these wholly 

aromatic polymer systems are also quite formidable. 

Polybenzoxazole fibers are spun directly from the polyphosphoric 

acid/P2Os polymerization solvent, through a procedure known as 

dry-wet spinning [105]. Other processing solvents include sulfuric 

acid and methanesulfonic acid. Use of such solvent renders film 

casting, solvent removal, and polymer purification extremely 

difficult. In addition, use of these environmentally unattractive 
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solvents significantly limits the scope of applicability for these 

materials. 

Many investigations have been conducted in an attempt to 

broaden the scope of utility for these materials. A number of 

synthetic methodologies have been developed to generate 

polybenzoxazoles which exhibit solubility in common organic 

solvents, but retain a majority of the thermo-oxidative properties 

of the wholly aromatic polymers [8,123,126,136]. The most common 

method of enhancing solubility has been through the incorporation of 

fluorine containing monomers, such as 2,2-bis(3-amino-4- . 

hydroxyphenyl!l)hexafluoropropane or via copolymerization [146,156]. 

Research efforts reported herein are also aimed at synthesizing 

soluble polybenzoxazoles using commercially available or easily 

synthesized monomers as well as industrially acceptable solvents. 

This chapter will describe results and progress made toward the 

goal of processible high performance polybenzoxazoles. It begins 

with a discussion of the synthesis and characterization of a number 

of bis(o-aminophenol) and diacid chloride monomers used in the 

polymerizations. The second section will address some of the 

apparent misconceptions reported in the literature relative to low 

temperature poly(hydroxy amide) reactions, in addition to 

presenting experimental evidence supporting our new conclusions. 

Thirdly, cyclization techniques used in the generation of fully 

cyclized polybenzoxazoles will be introduced and discussed relative 

to the effect of catalyst type and concentration, as well as the 
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influence of reaction conditions on on percent cyclization, amide 

hydrolysis and molecular weight. Finally, the synthesis and 

characterization of poly(hydroxy amide)s and polybenzoxazoles 

based on nonfluorinated and some related fluorinated monomers will 

be discussed in detail. 

4.2. Synthesis of 2,2-Bis(3-amino-4-hydroxy- 

phenyl)propane (bAAP) 

The first monomer synthesized and investigated in this thesis 

project was 2,2-bis(3-amino-4-hydroxyphenyl)propane, a 

potentially inexpensive bis(o-aminophenol). The precursor dinitro 

compound to 2,2-bis(3-amino-4-hydroxyphenyl)propane has been 

synthesized by a number of different methods with yields around 

75% [191,202,203]. The most direct synthesis involves nitration of 

2,2-bis(4-hydroxyphenyl)propane (bisphenol A) with nitric acid in an 

acetic acid/benzene mixture at 0-5°C. One drawback to this 

synthetic procedure was the formation of mono-, di-, tri- and 

tetranitro derivatives. However, through the use of stoichiometric 

amounts of nitric acid, the dinitro derivative is the major product. 

Sulzberg and Cotter [203 ] reported the use of AgNO3 as a nitrating 

agent when the dichloroformate of bisphenol A is employed. Yields 

of the desired bis(o-nitrophenol) were reported as high as 80% after 

recrystallization. 
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The approach taken in this research to synthesize bDAAP (Figure 

4.1) involves direct nitration of bisphenol A by dripping dilute nitric 

acid (in acetic acid) into a slurry of bisphenol A and acetic acid. 

Care was taken to avoid the various nitro derivatives by conducting 

the reaction below 15°C. Yields of 60-70% were realized after 

recrystallization from ethanol or acetic acid. Transformation of the 

dinitro compound to 2,2-bis(3-amino-4-hydroxyphenyl)propane 

involved catalytic hydrogenation in an aqueous medium. Formation 

' of the potassium phenolate allowed for smooth reduction of the 

nitro groups in water. After neutralization with acetic acid, 

quantitative yields of bis(o-aminophenol) were realized. Molecular 

weight was determined by titration with HBr; calculated: 258.3 

g/mole, titrated: 260.4 g/mole. The molecular structure was 

confirmed by FT-IR (Figure 4.2) and 1H NMR (Figure 4.3). The 

infrared peak frequencies and their assignments are listed in Table 

4.1. 

4.3. Synthesis of 1,1,1-Triaryl-2,2,2-trifluoro- 

ethane Monomers 

Hexafluoropropane linkages have been incorporated into a number 

of different polymers to achieve important improvements in various 

polymer properties [6]. In particular, these include an increase in 

glass transition temperatures, enhancements in solubility and an 
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Figure 4.1. Synthesis of 2,2-bis(3-amino-4-hydroxyphenyl)propane 

(bAAP). 

158



‘(dvvq) 
auedosd(jAuaydAxoupAy 

-oulwe-¢)siq-2'2 
jo 

winsyoeds 
YI-14 

“2"y 
eunbiy 

(1-H) 
SUBEHNNZAUM 

00° 00s 
00°0S8 

0°OOIT 
0°00SI 

O° 008! 
O°ON%2 

O°00ZE 
0" C0Or 

 
 

  
        

       
 

  

LOVESYEL' Zr 190° 2ESBE* IS HIL “OT O1¥0'O 
JINVLLIHSNYULE 

159



Table 4.1. FT-IR spectral assignments for 2,2-Bis(3-amino-4- 

hydroxyphenyl)propane (bAAP). 

Assignment Frequency (¢m-') 

-NH stretch 3460-3280 

OH stretch 3350-3250 

NH2 deformation 1618 

Aromatic stretch (C=C) 1520 

CH3 antisym. deformation 1450 

CH3 symmetric deformation 1363 

C-OH in plane bend 1290 

Aromatic CH in plane bend 1195, 1145 
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increase in thermo-oxidative stabilities relative to nonfluorinated 

analogs. Replacement of one of the trifluoromethyl groups with a 

phenyl group also results in improved polymer properties, in 

addition to enhancing polymer solubilities due to the introduction of 

asymmetry. Investigations conducted with poly(arylene ethers) 

[204] and polyimides [205,206] confirm several of these features 

and also suggest that the trifluoromethyl groups may be more 

thermally labile when bonded to an sp? carbon bearing 3 phenyl 

rings, relative to an sp3 carbon with 2 phenyl rings and an additional 

trifluoromethyl group. The effect of incorporating 

phenyltrifluoroethane linkages on solubility and thermal stability of 

polybenzoxazoles was investigated by synthesizing new 

macromolecules based on a novel bis(o-aminophenol) and diacid 

chlorides. The syntheses of these two compounds are outlined in 

Figures 4.4 and 4.5. 

The first attempt to synthesize triaryl substituted 

trifluoroethane materials appears to have been made by Korshak 

[207] in 1968. The focus of this work included synthesis of a novel 

bisphenol which contained the phenyltrifluoroethane linkage and 

preparation of polyarylates of satisfactory molecular weights. 

Unfortunately the reaction conditions utilized to generate this novel 

bisphenol weren't easily applicable to industrial or laboratory use. 

It wasn't until 1977, when Kray and coworkers [208] described the 

synthesis of a number of 1,1,1-triaryl-2,2,2-trifluoroethane 

derivatives, that mention was made in the literature regarding the 
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O Phenol, TFMSA CF, 
ll 65°C I On ~ @OLOm   

AcOH, HNO, 
15°C for 5 hr 

ON. CF; NO, 
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Pd/C, 30°C 
24 hr 

Figure 4.4. Synthesis of 1,1-bis(3-amino-4-hydroxyphenyl)-1- 

phenyl-2,2,2-trifluoroethane (S3FAP). 
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oh wosc-X)-t<)-Co.H 

SOCI, ,DMF O 
12 hr, 35°C 

CF; 
cioc~{_)-C—{_)-cocr 

CO 
Figure 4.5. Synthesis of 1,1-bis(4-chlorocarbonylphenyl)-1-phenyl- 

2,2,2-trifluoroethane (3FAC). 
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incorporation of this linking group into high performance monomers. 

Since that time, a number of patents [209,210] were issued 

regarding the synthesis of 1,1,1-triaryl-2,2,2-trifluoroethane 

derivatives. The synthetic methodology for the diacid chloride, 

while alluded to in the patents, was not described in detail. In 

addition, the idea of generating a bis(o-aminophenol) containing the 

phenyltrifluoroethane linkage has not been previously described. 

Synthesis of 1,1-bis(3-amino-4-hydroxyphenyl)-1-phenyl-2,2,2- 

trifluoroethane required the generation of 1,1-bis(4-hydroxy- 

phenyl)-1-phenyl-2,2,2-trifluoroethane via the acid catalyzed 

condensation of phenol with trifluoroacetophenone (211). 

Purification of this Compound with a simple methylene chloride 

wash, followed by nitration with HNOg3 in acetic acid resulted in 

1,1-bis(4-hydroxy-3-nitrophenyl)-1-phenyl-2,2,2-trifluoroethane 

in a 95% yield. If desired, monomer grade material could be 

afforded with two recrystallizations from ethanol. The identity of 

this material was confirmed by 1H NMR (Figure 4.6) and melting 

point comparison. Conversion of the dinitro compound to the bis(o- 

aminophenol) followed along the same lines as the reduction of 2,2- 

bis(4-hydroxy-3-nitrophenyl)propane. The reduction was carried 

out in water utilizing the phenolate intermediate, hydrogen and a 

palladium on charcoal catalyst. Elucidation of the chemical 

structure was accomplished via FT-IR (Figure 4.7), 1H NMR (Figure 

4.8) and elemental analysis. The FT-IR peak assignments for this 

compound can be found in Table 4.2. 
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Table 4.2. FT-IR spectral assignments for 1,1-bis(3-amino-4- 

hydroxyphenyl)-1-phenyl-2,2,2-trifluoroethane (3FAP). 

Assignment Frequency _(¢m-") 

-NH stretch 3460-3280 

OH stretch 3350-3250 

NHo2 deformation 1616 

Aromatic stretch (C=C) 1516 

C-OH in plane bend 1277 

CF3 stretch 1224 

Aromatic CH in plane bend 1151, 1131 
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Synthesis of 1,1-bis(4-chloroformylphenyl)-1-phenyl-2,2,2- 

trifluoroethane (Figure 4.5) was accomplished using the bistoly| 

precursor described by Kray and Rosser [209]. Oxidation of this 

intermediate with a two-step KMnQg oxidation resulted in the 

dicarboxylic acid. Chlorination of the diacid with thionyl 

chloride/DMF afforded quantitative yields of the desired acid 

chloride. Confirmation of the product structure was provided by FT- 

IR (Figure 4.9), 1H-NMR (Figure 4.10) and elemental analysis. The 

FT-IR peak assignments for the acid chloride can be found in Table 

4.3. 

4.4. Synthesis of Bis(4-chlorocarbonylphenyl) 

phenylphosphine Oxide 

The synthesis of monomers containing an alkyl or aryl 

diphenylphosphine oxide moiety have received considerable 

attention in the past twenty years due to their inherent fire 

retardancy characteristics. Traditional methods of incorporating 

fire retardancy into polymers include incorporation of halogenated 

monomers or the compounding of various fire retardants into 

polymers during manufacturing. With halogenated compounds are 

constantly under fire from environmental agencies, efforts have 

made to replace or diminish the use of halogenated compounds in the 

fire retardancy arena in favor of more environmentally sound 
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Table 4.3. FT-IR spectral assignments for 1,1-bis(4- 

chlorocarbonylphenyl)-1-phenyl-2,2,2-trifluoroethane (3FAC). 

Assignment r n m:1 

Aromatic CH stretch 3070 

C=O stretch 1782,1742 

Aromatic stretch (C=C) 1602 

CF3 stretch 1231 

C-C stretch (Ar-C) 885 

C-Cl stretch 865 

Aromatic ring deformation 686 
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alternatives. One such alternative is the incorporation of 

phosphorus [212]. A number of different monomers have been 

synthesized and incorporated into various high performance 

polymers [213-215]. Fire retardancy was investigated in some of 

these systems and in all cases, an improvement was evident. It 

should be pointed out that in a number of these reports, only low 

molecular weight polymers were achieved. A number of other 

reasons for incorporating phenylphosphine oxide linkages into 

polymeric systems include enhanced solubility, improved thermo- 

oxidative stability and dramatically improved atomic oxygen 

resistance. Consequently it is quite understandable why so much 

effort has been concentrated on the synthesis of new and improved 

phosphorus containing monomers and polymers. 

For these reasons, research was initiated in an attempt to 

synthesize bis(4-chlorocarbonylphenyl)phenylphosphine oxide 

(PPOAc) and incorporate it into polybenzoxazoles. It was 

hypothesized that by incorporating PPOAc into polybenzoxazole 

backbones, solubility might be enhanced to a point where solution 

polymerizations and solution processibility would be viable 

processes. Initial literature reports regarding the synthesis of 

triary! phosphine oxide derivatives suggested the cleanest and 

easiest synthetic methodology to the bistolyl precursor was via the 

Grignard route [216]. Reacting excess aryl magnesium bromides 

with phenylphoshine oxide dichloride in ether solvents resulted in 

triphenylphosphine oxide derivatives in good yields. Synthesis of 
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the diacid chloride would involve subsequent oxidation of a the tolyl 

derivative, followed by chlorination with SOClo (Figure 4.11). 

A more industrially acceptable Friedel-Crafts method (Figure 4.12) 

was proposed in a 1986 patent [217], whereby phenylphosphine 

sulfide dichloride was reacted with an excess of toluene in the 

presence of AICl3 to generate the sulfide version of bis-p- 

tolylphenylphosphine oxide. A number of other aryl radicals were 

also mentioned as possible electrophiles. Subsequent conversion of 

the tolyl sulfide to the diacid oxide can be accomplished in a two 

step procedure where the sulfide is converted to the oxide with 30% 

aqueous H2QOd2 in acetic acid and the methyl groups are oxidized to 

the acid using standard KMnQgq oxidation conditions. Chlorination of 

the diacid with thionyl chloride or phosphorus pentachloride has 

been reported to result in good yields of bis(4-chlorocarbonyl- 

phenyl)phenylphosphine oxide. Due to the practicality of the 

Freidel-Crafts route, it was the synthetic procedure of choice. 

An interesting feature of the chlorination reaction is the 

apparent chlorination of the P=O bond if the reaction is allowed to 

progress after the acid moieties have been converted to the acid 

chlorides. While the synthesis of PPOAc has been reported [218], 

the experimental procedure has not been adequately described. 

Under typical reaction conditions, the diacid was stirred with an 

excess of thionyl chloride and a few drops of DMSO at 35-40°C until 

the solution cleared. FT-IR analysis of the reaction mixture at this 

point indicated complete chlorination by disappearance of the COOH 
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Figure 4.11. Synthesis of bis(4-chlorocarbonylphenyl)- 

phenylphosphine oxide via Grignard chemistry. 
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Figure 4.12. Synthesis of bis(4-chlorocarbonylphenyl)- 

phenylphosphine oxide via Friedel-Crafts chemistry. 
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groups (v=3000-3400 cm-1, Figure 4.13). Prolonged reaction times 

and higher reaction temperatures also result in carboxy free FT-IR 

spectra; however, 1H NMR analysis and melting points indicate a 

difference in products. Purified PPOAc, obtained from short-term, 

low temperature chlorination reactions, displays the expected 1H 

NMR spectrum (Figure 4.14) and has a rather narrow melting point. 

On the other hand, the PPOAc's generated under higher reaction 

temperatures and prolonged exposure to SOClo display polymorphic 

behavior and unusual 1H NMR spectra. In fact the post-reaction can 

be easily followed by 1H NMR (Figure 4.15). 

A possible explanation for this post-reaction is chlorination of 

the P=O bond. It has been reported [219] that chlorinating agents 

(e.g. SOClo, oxalyl chloride, etc.) will chlorinate the P=O double bond 

generating the dichloride, in addition to carbon monoxide and carbon 

dioxide byproducts. Similarly, it has been reported [220] that the 

synthesis of high molecular weight polycarbonates is impossible 

under interfacial phosgenation conditions with the bis(4-hydroxy- 

phenyl)phenylphosphine oxide. In this case it is believed that 

phosgene causes a competitive chlorination reaction in addition to 

polymerization. If one draws an analogy with these systems and the 

PPOAc system, the formation of phosphorus dichloride as a side 

reaction during the synthesis of PPOAc appears reasonable. A 

proposed mechanism for this reaction is shown in Figure 4.16. 

Verification of the results postulated herein by FT-IR, 31P-NMR, 

elemental analysis and model compound studies are warranted. 

178



"9INIXILW 
UOIEULLOJYD 

DVOdd 
JO 

WuM}DedS 
YI-14 

‘EL*p 
ouNbI4 

“(3-WO) 
S
H
A
E
E
W
A
N
S
A
Y
M
 

COM 
t
t
°
t
e
L
 

2
2
°
2
2
6
 

<Z2°OOtt 
SG'SErt 

FE'ttet 
E
'
E
E
t
S
 

$tb'ttZe@ 
@ 

SQcE 
0° 

00Or 
4 

4. 
A
a
 

4. 
S
p
e
 

A 
S. 

g 
% 

qa 
a 

v 
v 

v 
y 

' 

    
    

  
    

  
    

  
  

2yrs°oO 6000°0O e260" 

aJONVeEYOSSY 

179 

wLtl‘e trit’s scene ’t 2oee "Ee



          
              
  

a b c 

d 

e 

b a 

e€ e 
Cc 

—— —— 

a Cc 

—— 

e s. ae ae @ 0 8 ve v0 ayy 2.6 -= 

MW _. 4 
TN TT Ee 

® ® ’ e 6 ‘ 3 8 3 ° “4 ope 

Figure 4.14. 1H NMR spectrum of bis(4-chlorocarbonylpheny!) 

phenylphosphine oxide (PPOAc). 

180



              
    

                    

SOCI,/DMSO, 40°C, 48 hrs 

JS 
Y 

_ . a 

Ph 
Vy ov 8 a 2 15 - 

| SOCI,/DMSO, 40°C, 24 hrs 

( | 
| fl 

ut ih 
  

SOCI,/DMSO, 23°C for 

24 hrs, 6 hrs at 40°C 

        

  

  

Figure 4.15. 1H NMR spectra of PPOAc post-reaction with time. 

181



  

  

  

  

R' Cl 

RPC + SO, 
R' Cl 

Figure 4.16. Proposed mechanism for the chlorination of PPOAc. 
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4.5. Synthesis of 4-(Phenylethynyl)benzoyl 

Chloride (PEBC) 

In the latter section of this thesis, the synthesis of 

polybenzoxazoles which exhibit excellent solubility in common 

solvents such as THF and CHCl3 will be addressed. While one of the 

goals of this research was to generate soluble PBO's, another goal 

was to achieve solvent resistant materials. One way to accomplish 

these seemingly contradictory objectives is to incorporate 

thermally activate functional groups into the polymer backbone. 

Therefore, polymers can be processed in melts or common solvents 

and then rendered solvent resistant via crosslinking or 

aromatization post-reactions. 

Phenylethynylbenzoyl chloride is a monofunctional, substituted 

acetylene containing monomer which has the potential both to 

control molecular weight in PBO polymerizations and to serve as a 

high temperature crosslinking site for the resulting thermoplastics. 

The phenylethynyl endcapper was synthesized according to the 

methods of Stephens and Castro [199] with modifications of 

Vollemin and Goussu [221], using palladium coupling chemistry. The 

particular steps involved in the synthesis are depicted in Figure 

4.17. Esterification of commercial p-iodobenzoic acid with 

catalytic amounts of H2SO,4 in methanol resulted in the protected 

iodo starting material. Aryl iodides are preferred for the palladium 

catalyzed coupling reaction due to their enhanced rate of reactivity 
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Phenylacetylene, TEA 
PdCl,(PPh3),., Cul 

PPh,, A 

  5 <> a MEOH, 20,4 00,0 cec-{ ) 

SOCI,, A 
2 drops DMF 

Figure 4.17. Synthesis of phenylethynylbenzoyl chloride. 

relative to other halides and their superior yields. Therefore, 

methyl, 4-iodobenzoate was reacted with phenylacetylene in the 

presence of palladium for 12 hours to afford the phenylethynyl 

substituted ester. Hydrolysis of the ester with base, followed by 

chlorination with SOCl2, generated the endcapper in ~80% overall 

yield. Identification and characterization of the product, as well as 

each intermediate, was accomplished using 1H NMR (Figure 4.18) and 

melting points. Incorporation of p-phenylethynylbenzoyl chloride 

into polybenzoxazoles and it's effect on thermal and mechanical 

properties will be discussed in Section 4.11. 
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4.6. Parameters Affecting the Formation of High 

Molecular Weight Poly(hydroxy amide)s 

4.6.1. Introduction 

Wholly aromatic polyamides (polyaramide)s can be polymerized 

to high molecular weights using low temperature techniques [222]. 

Typical reaction conditions involve a polar aprotic solvent, a salt, 

such as calcium oxides, for solubility purposes and an acid 

scavenging base, such as pyridine. These same types of 

polymerization techniques, without the salt, have also been utilized 

to generate poly(amide ester)s with varying degrees of success. 

[223-225]. Considering the fact that both esters and amides can be 

generated via this method, it seems reasonable to hypothesize that 

poly(hydroxy amide)s can also be polymerized via this method 

(Figure 4.19). Numerous publications have appeared in the literature 

related to the synthesis of poly(hydroxy amide)s via low 

temperature polymerization techniques [12,26,30]. A large number 

of bis(o-aminophenol)s and acid chlorides have been investigated 

and one important conclusion from this research is the fact that 

bis(o-aminophenol)s which possess electron-withdrawing linking 

groups between the aromatic nuclei result in lower molecular 

weight polymers. More recently, the hexafluoroisopropylidene (6F) 

linkage has been incorporated into bis(o-aminophenol)s, attracting 

considerable attention in the literature for its expected electronic 
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H,N CF; NH, 

wo-Y )-t-{\-on + cioc-{ ) 
Le 

N-methylpyrrolidinone 
Pyridine 
10°C for 30 min 
R.T for 12 hours 

“eon ge Oe 
Figure 4.19. Polymerization of poly(hydroxy amide)s via low 

temperature, base-catalyzed solution techniques. 
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and thermal properties [7,55,137]. Unfortunately, the 6F linkage is 

also an electron-withdrawing group and much like the other electron 

H,N "3 NH, 

0p 
CF; 

deficient monomers, resists formation of high molecular weight 

polymers when polymerized via low temperature techniques. With 

this in mind, investigations were initiated in an attempt to 

understand the phenomena exhibited by electron-withdrawing bis(o- 

aminophenol)s and, if possible, correct the problem. To accomplish 

this task, 6FAP was selected as the model electron-withdrawing 

monomer due to its availability and expected favorable solubility 

properties. 

The fact that high molecular weight polymers have not been 

achieved using 2,2-bis(3-amino-4-hydroxyphenyl)hexafluoro- 

propane (6FAP) via low temperature methods has prompted a number 

of research groups to investigate alternate synthetic methodologies 

to enhance molecular weight. Reinhardt [8] opted to use a 

trimethylsilyl! substituted phosphate catalyst in o-dichlorobenzene 

to achieve high molecular weight polymer, while Imai [7] resorted to 

activating 6FAP through silylation of the amines and hydroxyls. 

Imai, among others, has postulated that an electron withdrawing 

linkage between the aromatic moieties of bis(o-aminophenol)s 

deactivates the amines toward nucleophilic attack [28]. Therefore 
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it's claimed that silylation of the amine enhances reactivity and 

affords higher molecular weight material. 

While the premise of amine deactivation may be pertinent, it 

does not explain observations made in the current research relative 

to the generation of 6FAP containing polymers. Indeed, the research 

discussed herein will show that the amine reactivity is more than 

adequate to generate high molecular weight material and the likely 

limiting feature relative to the formation of high molecular weight 

poly(hydroxy amide)s is an ester side reaction. It should be pointed 

out that this hypothesis is consistent with the observations made 

by Imai and Yakobovich [7,28,33]. Prior to expanding on the 

reasoning behind this assumption, it would be informative to list 

the observations which support the aforementioned postulate. The 

following observations were made using the polymerization 

procedure outlined in Figure 4.19 and discussed in Section 3.3.1. 

Experimental rvation 

-Polymerization of 6FAP with dianhydrides results in high 

molecular weight polyimides with pendent hydroxyl groups. 

-Employing a base stronger than pyridine results in more 

observable gel formation early in the polymerization. 

-Conducting the polymerization in the absence of pyridine 

results in absolutely no gelation. 
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~Polymerization of 6FAP with excess acid chloride in the 

presence of base results in more observable gel and in some 

cases, gross gelation. 

-During the addition of a solution of acid chlorides dissolved in 

NMP to a solution of 6FAP in NMP and pyridine, gel is formed 

on the side of the reactor where insufficient stirring allows 

excess acid chloride to accumulate. 

-Polymerization of 6FAP under comparable conditions with 

electron-rich acid chlorides (e.g., 4,4'-oxydibenzoyl chloride) 

results in poly(hydroxy amide)s with high molecular weight, 

while polymerizations carried out using electron-deficient 

acid chlorides (e.g., isophthaloyl and terephthaloyl! chloride) 

result in low molecular weight materials. 

-Bis(o-aminophenol)s linked by electron-donating groups 

generate high molecular weight poly(hydroxy amide)s 

regardless of the electronic nature of the acid chloride. 

-1H NMR spectra of poly(hydroxy amide)s generated with a base 

indicate the presence of residual bis(o-aminophenol) groups as 

well as two different type of protons ortho to carbonyls. 

Spectra of poly(hydroxy amide)s generated without base show 

only one type of proton ortho to the carbonyls and minimal 

residual bis(o-aminophenol) resonances. 

-Infrared analysis of poly(hydroxy amide)s generated with base 

indicates the presence of an ester stretch at 1724 cm-!. 
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Evidence supporting the hypothesis of ester forming side 

reactions will now be presented. The issue of possible insufficient 

amine reactivity will be discussed first. Structural features 

influencing the reactivity of the amines and hydroxyls include the 

H,N CFs NH, 

4 
CF, 

substitution pattern on the aryl radical relative to the 

hexafluoroisopropylidene group and the distance (number of carbon 

bonds) between the functional groups and the hexafluoro (6F) group. 

Because the trifluoromethyl groups are not connected directly to the 

aromatic ring, resonance arguments fall short in explaining amine or 

hydroxyl reactivity. Inductive or field effect arguments may explain 

the decreased amine reactivity, but due to the large distance 

between the functional groups (amines and hydroxyls) and the 

trifluoro groups (>4 carbon chain), these effects are usually 

considered minimal. Consequently, based on electronic arguments, 

the idea of insufficient amine reactivity being responsible for 

suppressing molecular weight formation is not very convincing. 

Reviews [226,227] on substitution effects substantiate these 

resonance arguments. 

The fact that high molecular weight polyimides can be generated 

from the 3F and 6F bis(o-aminophenol)s, further substantiates the 

claim that the amines are sufficiently reactive. Polymerization of 
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6FAP and 3FAP with 2,2-bis(4-phthalic anhydride)hexafluoropropane 

(GFDA), under established polyimide reaction conditions [1,55,228], 

(Figure 4.20) affords polyimides with [n]25°C's (NMP) >0.70 di/g. If 

One accepts the premise that anhydrides are less reactive than acid 

chlorides, then one is easily convinced that the amines in 6FAP are 

sufficiently nucleophilic to readily undergo an amidation reactions 

with an acid chloride. Therefore, based on electronic arguments and 

the fact that 6FAP is sufficiently reactive to form high molecular 

weight polyimides, it is concluded that the amines on 6FAP are 

reactive enough to undergo acylation with acid chlorides and form 

high molecular weight poly(hydroxy amide)s. 

Having established this first point (e.g., adequate amine 

reactivity), one must propose alternate reasons for the incomplete 

amide conversion in the poly(hydroxy amide) systems. Monomer 

purity and stoichiometry offset were immediately ruled out due to 

scrupulous purification and quantitative weighing techniques. 

However, the idea of side reactions is a viable assumption. The 

ester side reaction becomes an obvious choice in light of the gelling 

observations discussed previously. To adequately discuss the effect 

of each reaction parameter on the ester side reaction or 

achievement of high molecular weight poly(hydroxy amide)s, it 

requires that each parameter be discussed separately. It should 

also be pointed out that throughout this discussion, intrinsic 

viscosity ([n]) or inherent viscosity (ninh) values will be used as 

indicators of molecular weight. 
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H,N NH 2 CF; 2 O CFs O 
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N-methyl pyrrolidinone 
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Figure 4.20. Synthesis of 6FAP-6FDA polyimide using recently 

developed solution cyclization techniques. 
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4.6.2. Effect of Base 

The synthesis of polyamides, as well as polyesters, usually 

requires the use of an acid scavenger to synthesize high molecular 

weight polymers. This requirement is necessary for two reasons, 1) 

base catalyzes esterification and amidation reactions through the 

formation of an acylium intermediate and 2) the base acts as an acid 

scavenger to trap the HCI by-product. Without the use of base, 

amines present in the polyamide polymerization would trap the HCl 

by-product, thus forming amine hydrochloride, offsetting 

stoichiometry and rendering the amine functional groups unreactive 

towards acid chlorides. Because the poly(hydroxy amide) synthesis 

is a simple variation on the polyamide synthesis, stoichiometric 

amounts of base are considered to be required. 

A discussion of esterification and amidation reactions are 

required in this section due to the fact that both reactions are base- 

catalyzed and possible during the polymerization of poly(hydroxy 

amide)s. Therefore the type and quantity of base employed in the 

polymerization will dictate, to some extent, how the reaction 

proceeds. Under most circumstances, it is assumed that amines are 

more reactive than the hydroxyl groups towards acid chlorides and 

it is this premise which allows low temperature polycondensation 

reactions to be used in the generation of poly(hydroxy amide)s. 

However, for quantitative organic reactions such as step growth 

polymerizations, certain conditions can exist (e.g., deactivated 
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amines and strong bases) which allow amine and hydroxyl reactivity 

to become competitive. If this occurs, clearly the functionality of 

the bis(o-aminophenol)s becomes greater than 2. This increase in 

functionality allows gelation via the formation of three dimensional 

networks. It is well known [189,229] that gelation will occur when 

the average functionality of all reactants in solution becomes 

greater than 2. If it is assumed that hydroxyl reactivity can become 

competitive with amine reactivity in electron deficient bis(o- 

aminophenol)s (e.g.,. GFAP) and that the magnitude of competition is 

dictated by reaction conditions (base strength, co-reactants, 

solvent, temperature, etc.), then the extent of amidation and 

esterification can be altered by varying reaction conditions. 

Table 4.4 demonstrates the effect on [n] of varying base strength 

for the reaction of 6FAP with terephthaloy! (TC) or isophthaloyl 

chloride (IC) in NMP. Note that when triethylamine (TEA) was used 

as the base, the [n]'s are all low. The use of pyridine enhances the 

[n]'s, but not to the point of achieving high molecular weight 

polymer. If no base is used, the intrinsic viscosities are similar to 

the pyridine values. It should be pointed out that in most cases 

where a base was used, some form of gelation was evident in the 

reaction flask. These results can be related to the strength of the 

base and the influence of base strength on esterification and 

amidation. When no base is used, the intrinsic viscosities are 

relatively low due to formation of the amine hydrochloride alluded 

to earlier. Pyridine (pa = 5.25, pKa based on the conjugate acid of 
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pyridine), on the other hand, is more basic than the aromatic amines; 

consequently it scavenges the HC! formed during the polymerization 

and results in enhanced [n]'s. It is proposed that optimum molecular 

Table 4.4. Effect of base on intrinsic viscosity. 

(5°C for 30 minutes, 20°C for 24 hours). 

Acida:b [n]25°C 

- lymer o li Ilven A r I/g)c 

6FAP-TC 10 DMAc TEA 0.12d 

6FAP-TC 20 NMP TEA 0.10 

6FAP-TC-IC 18 DMAc TEA 0.13 

6FAP-TC 15 NMP Pyridine 0.36 

6FAP-TC 20 NMP Pyridine 0.39 

6FAP-TC-IC 18 DMAc Pyridine 0.304 

6FAP-TC 15 NMP No Base 0.28 

6FAP-TC 20 NMP No Base 0.27 

6FAP-TCe 20 NMP_ Lutidine Gel 
  

4pKq of conjugate acids of pyridine, lutidine and triethylamine 5.25, 
6.99, 10.01, respectively 

bMolar ratio of base to acid chloride = 2.2 
Cintrinsic viscosities run in NMP 

dintrinsic viscosities run in DMAc 
€50% molar excess of TC employed 

weights are not achieved due to a small amount of ester side 

reaction. Triethylamine is also more basic than the aromatic 

amines and consequently it also traps HCI; however, due to its 

higher basicity (pKa of conjugate acid = 11.0) relative to pyridine, it 

is proposed that triethylamine promotes more ester side reaction. 
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This increase in esterification is just enough to decrease amide 

conversion and reduce molecular weight (lower [n]'s) without 

reaching the gel point. Molecular weight in these arguments is 

based on the concept of a linear polyamide and therefore a small 

amount of branching resulting from esterification would not produce 

an increase in molecular weight. However, branching would offset 

stoichiometry, reduce linear molecular weight and reduce the 

observed intrinsic viscosity of the polymer. Other work-up 

procedures (e.g., the fact that polymer samples are filtered prior to 

[n] determinations) may remove any gelled particles and result in 

lower [n]'s. Consequently changing from pyridine to TEA reduces 

intrinsic viscosities due to an increase in gelling (lower sol 

fraction) or branching. Offsetting the stoichiometry in favor of the 

acid chloride and using a relatively strong base (lutidine, pKa = 

6.99) results in competitive esterification and gelation of the 

reaction flask. To review, the majority of these observations were 

made for the step polymerization of 6FAP with terephthaloyl and 

isophthaloyl chloride. 

Considering the fact that base type influences molecular weight, 

it should also be expected that base concentration would be 

important. To test this hypothesis, a number of polymerizations 

were conducted in NMP at 15% solids, with the base concentration 

changed over a wide range of concentrations. Pyridine was selected 

due to the favorable results obtained in the previous study. The 

results of these polymerizations are shown in Table 4.5. It appears 
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from these results that a 40% excess of base results in the most 

favorable intrinsic viscosity. It was also found in other 

polymerizations that a 40% excess of pyridine tended to yield the 

best results. 

Table 4.5. Effect of base concentration on intrinsic viscosity. 

(Reactions conducted in NMP (15% solids) at 20°C for 24 hr at ) 

    

Base/TC [nJ25°C¢ 

Polymer Mole _ Ratio (di/g)@ 

6FAP-TC 2.2 0.25 

6FAP-TC 2.8 0.39 

6FAP-TC 3.0 0.23 

6FAP-TC 3.7 0.20 
  

alntrinsic viscosities run in NMP 

4.6.3. Effect of Stir Rate 

While no systematic study was made regarding the rate of 

Stirring, a few observations need to be discussed. First, the rate of 

Stirring has to be steadily increased during the addition of acid 

chloride solutions. If the stirring rate is not increased, gel begins 

to form in the vicinity of addition and spreads throughout the flask. 

The buildup of acid chloride concentration within localized areas in 

the reaction vessel are believed to be responsible for gel initiation. 

Once gelation is started, monomer dispersion becomes more 
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difficult, and as a result, more acid chloride groups become 

available to react with hydroxyl groups and a substantial increase in 

gelation is observed. It is assumed that esterification becomes 

more prominent in the gelled regions. Consequently very efficient 

Stirring is required to prevent monomer concentration gradients and 

excessive crosslinking. Under the reaction conditions employed 

above for the base catalyzed 6FAP-TC systems (molar ratio of 

base/acid chloride > 2), it was observed that no amount of stirring 

* could stop the formation of at least a small portion of gel, 

regardless of the base identity. 

4.6.4. Effect of Addition Methods 

The method or order of monomer addition also plays a role in the 

ability to generate high molecular weight polymer. In most cases 

the bis(o-aminophenol) was dissolved in NMP, pyridine added, 

solution cooled to 5°C and the acid chloride (acid chloride dissolved 

in NMP or THF) dripped into the reaction mixture slowly. Attempts 

were made to add the acid chloride as a solid, but excessive gelation 

around the acid chloride particles prohibited complete dissolution 

of the acid chloride even after 24 hours at room temperature. Even 

finely powdered acid chloride tended to cause gross gelation in the 

reaction mixture. Rapid addition of the acid chloride solution has 

the same effect as adding the acid chloride as a solid. Reversing the 
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method of addition also resulted in unsatisfactory results. It is 

believed that by adding the acid chloride as a solution, the monomer 

is quickly dispersed throughout the reaction mixture, resulting in 

predominantly amide formation. Efforts to dissolve both monomers 

in NMP and then add excess pyridine also resulted in low molecular 

weight material. 

4.6.5. Effect of Temperature 

A number of preliminary studies were made to ascertain the 

effect of temperature on the generation of high molecular weight 

polymer. Polymerizations were conducted at various temperatures 

without the use of pyridine and the results (Figure 4.21) indicate 

that optimal reaction temperature to be 0-5°C. Holding the reaction 

mixture at this temperature for 68 hours resulted in little or no 

change in the intrinsic viscosity with time and it appears as though 

the reaction has reached some form of equilibrium after 3-5 hours 

(Figure 4.22). Although similar systematic studies were not made 

with an acid acceptor, experimental observation of such systems 

indicate comparable results. That is, low temperatures tend to 

generate higher intrinsic viscosities while elevated temperatures 

result in lower intrinsic viscosities. Again, it should be pointed out 

that these results were achieved with the 6FAP-TC system and 
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Figure 4.21. Effect of reaction temperature on intrinsic viscosity 

for 6FAP and TC polymerizations carried out in NMP (20% solids) for 

24 hours with no base. 
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Figure 4.22. Intrinsic viscosity as a function of time for 6FAP-TC 

polymerizations carried out at 5°C in NMP (20% Solids) without 

base. 
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while they are not very impressive, other optimized systems 

(Section 4.8-4.11) did show favorable results. 

4.6.6. Effect of Linking Groups in the Aminophenols 

In the previous paragraph, reference was made to optimized 

systems which exhibit high intrinsic viscosities. Table 4.6 

summaries the results from a number of polymerizations where the 

linking group between the aminophenols and acid chlorides has been 

systematically varied. Note that the systems with appreciable 

viscosities have electron donating or electron neutral linking groups 

between the aromatic moieties. Bis(o-aminophenol)s containing 

electron donating linkages para or meta to the amine generate high 

molecular weight PHA's regardless of the type of acid chloride. This 

fact would seem to conclude that electron-rich aminophenols 

undergo rapid amidation under this set of reaction conditions. On 

the other hand, electron-deficient aminophenols may undergo 

competitive acylation reactions depending on the reaction 

conditions. 

Comparison of amine 1H NMR shifts from a select number of 

aminophenols (Table 3.7) reveals no real difference in the electron 

density at the amines relative to the type or orientation of the 

linkage (m-meta to linkage, p-para to linkage). While the proton 

shifts for the amine protons vary only 0.3 ppm, they vary as much as 
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Table 4.6. Effect of acid chloride and aminophenol linking group on 

the intrinsic viscosity of various poly(hydroxy amide)s. 

9 Oo 
fein ~C—Ar nnn 

HOW-2 €$-on n 

25°C 

  

Z Ar PHA [1] nop 
Composition Composition (dl/g) 

CH 

-é- <)- 0.67 

CH, 0.71 
eo 80% O 0% 

H; ¢ 1.30 

_ pK )- Insoluble 

ie 1.11* 1 HDG : 
50% OC 50% 

CF; 0.77 

- se 
CF; 0.88 

CF, 

CF, 
-¢- <)- ~0.35 

~0.39 
ee Cr 

-C— 

CFs ~0.30 
CF, Oe > 
  

*Inherent viscosity run in NMP at 25°C (0.5%) 
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Table 4.7. 1H NMRa2 shifts of various bis(o-aminophenol)s. 

  

  

  

Linking Group (2) Hydroxyl Proton Amine - Proton 

(Z) (ppm) (ppm) _ 

C(CF3)o2 9.4 (p) 4.6 (m) 

C(CF3)(Ph) 9.1 (p) 4.5 (m) 

C(CH3)2 8.7 (p) 4.3 (m) 

nil 9.0 (m) 4.4 (p) 
  

aExperiments conducted in and referenced to dg-DMSO 

0.7 ppm for the hydroxyl protons, indicating a more significant 

electronic effect at the hydroxyl groups. Care was taken to 

minimize the influence of water and monomer concentration on 

quantitative peak assignment for both the amine and hydroxyl 

resonances.The electronic effect on proton shift positions can be 

correlated with the amine and hydroxyl reactivity [230]. In the case 

of hydroxyl groups, a downfield shift would indicate a more acidic 

proton (poorer nucleophile) and in the case of amines, a downfield 
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shift would indicate a less basic amine (poorer nucleophile). Acid 

chlorides being equal, one would expect both the rate of amidation 

and esterification to decrease with a downfield shift of the amine 

and hydroxyl protons for a noncatalyzed reaction system. In the 

case of amines, it's a well known fact that electron withdrawing 

groups deactivate amines toward nucleophilic substitution 

reactions [231]. Similarly, electron withdrawing groups deactivate 

ary! hydroxyls in most ester and ether forming reactions 

[2,232,233]. However, evidence generated from the synthesis of 

polyesters through low temperature, base catalyzed solution 

techniques tends to contradict the above mentioned trends [234- 

237]. That is, more acidic phenols appear to have enhanced 

reactivity under low temperature, base-catalyzed reactions 

conditions. In the case of bis(o-aminophenol)s, this phenomenon 

would suggest an increase in hydroxyl reactivity with a 

simultaneous decrease in amine reactivity when an electron 

withdrawing linking group is incorporated into bis(o-aminophenol). 

In other words, a situation is set up where competitive amidation 

and esterfication is possible. Depending on the details of the 

reaction (i.e.,. base strength, type of acid chloride, temperature 

etc.), esterification can become more competitive. One could also 

argue that the closer proximity of the amine to the bridging group, 

relative to the hydroxyl group, deactivates the amines more than the 

hydroxyl groups and therefore esterification becomes more 

competitive. However, if this were the case, one would expect to 
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see a larger variation in the amine proton shifts with respect to 

bridging group identity. Irrespective of the rationale one uses to 

explain the effect of bridging group identity on reaction pathway, 

clearly, if enough esterification takes place to offset 

stoichiometry, molecular weight is compromised and gelation is 

possible. It is proposed that these rationales are useful in 

explaining the effect of bridging groups on the inherent viscosity 

(molecular weight) of poly(hydroxy amide)s. 

4.6.7. Effect of Linking Groups in the Acid Chloride 

The results in Table 4.6 demonstrate that 6FAP will polymerize 

to high molecular weights when 4,4'-oxydibenzoyl chloride (ODBC) is 

the acid chloride. The only obvious difference between this acid 

chloride and all others listed is that an electron donating oxygen 

linkage is present between the benzoyl chloride portions of the 

molecule. The effect of having an electron-donating substituent 

para to a carbonyl group during an acylation reaction is to decrease 

the reactivity of the carbonyl group towards nucleophiles. This 

reduction in reactivity can be attributed to an enhancement of 

electron density about the carbonyl carbon as a result of electron 

donation through resonance from the oxygen linkage. Consequently, 

LQB-O- —- OA 
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the acid chloride becomes less reactive and the competitive 

reaction pathway shifts in favor of the stronger amine nucleophile. 

As a result, little or no esterification takes place and much higher 

inherent viscosities are observed. If the acid chloride contains 

electron withdrawing groups, the reaction pathway is less selective 

and the ester reaction may become competitive. The fact that high 

molecular weight polymer can be achieved using electron rich acid 

chlorides also reaffirms the fact that 6FAP has adequate amine 

reactivity to undergo nucleophilic attack and that amine 

deactivation due to electron-withdrawing linkages is not 

responsible for the generation of low molecular weight polymers. 

4.6.8. Effect of Monomer Concentration 

Monomer concentration or final polymer concentration also has 

an effect on the ability to achieve high molecular weight polymer. 

This concentration effect was noticed in both base catalyzed and 

uncatalyzed systems. In general it was found that higher percent 

solids tended to generate higher intrinsic viscosities (Figure 4.23). 

Unfortunately this has practical limitations on polymer systems 

which achieve high molecular weight due to excessive viscosity 

buildup. Consequently, 15-20% solids are recommended for these 

solution step polymerizations and clearly can result in high 

molecular weight polymer in optimized systems. 
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Figure 4.23. Effect of solids content on intrinsic viscosity for a 

6FAP-TC polymerization carried out in NMP for 20 hours at 25°C, 

without base. 

4.6.9. Effect of Solvent 

The major requirements of the solvent in these polycondensation 

reactions are threefold; 1) the ability to solubilize the poly(hydroxy 

amide) as well as the polybenzoxazole, 2) high thermal stability and 

3) ease in removal. The solvents which meet these criteria best are 

represented by high boiling polar, aprotic solvents such as N- 

methylpyrrolidinone and N,N-dimethylacetamide. The majority of 

the reactions were conducted in these solvents and little if any 

difference was noticed between these regarding achievable 
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molecular weight. In a number of cases THF was used as the acid 

chloride addition solvent, simply because THF can be scrupulously 

dried and is less hydrophilic than NMP or DMAc. o-Dichlorobenzene 

was investigated as a cosolvent in an attempt to moderate the 

reaction solvent polarity and promote amidation over esterification. 

Unfortunately no significant improvements were observed (Figure 

4.24). In general it was found that NMP and DMAc are suitable 

solvents for the generation of high molecular weight polymers when 

conditions were optimized. A number of azeotroping solvents for 
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Figure 4.24. Effect of cosolvent concentration on intrinsic viscosity 

for the polymerization of 6FAP-TC run in NMP (15% solids) at 23°C 

for 24 hours. THF was used as the acid chloride addition solvent and 

a 2.2 molar ratio of pyridine/TC was employed. 
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the cyclodehydration step were also investigated and these will be 

discussed in the section 4.7 

4.6.9. Spectroscopic Evidence for an Ester Side 

Reaction 

Experimental observations described earlier were consistent 

* with the presence of a small, but significant amount of ester side 

reaction. However, spectroscopic analysis of these materials was 

required to provide real evidence to confirm or disprove the 

presence of a molecular weight limiting ester side reaction. FT-IR 

and 1H NMR spectroscopic analysis of model compounds and 6FAP-TC 

poly(hydroxy amide)s made with and without a base catalyst were 

initiated to accomplish this task. The interpretation of the spectra, 

as well as the conclusions reached, follow. Figure 4.25 is a stacked 

plot of various 1H NMR spectra which correspond to the structures 

shown below. Spectrum | corresponds to the model diester-diamide 

prepared by condensing 6FAP and 4 moles of benzoyl chloride 

(Compound 1). Resonances of interest include the amide proton at 

; ; 
Cpe ge ge) | 

Oye HAP NY 
I CF, il 
O O 

Compound 1 
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5=10.4 ppm and the protons ortho to the ester and the amide at 

5=8.15 and 5=7.9 ppm respectively. Spectrum Il and Ill represent the 

poly(hydroxy amide)s generated with and without a base catalyst 

(Compound 2 and 3, respectively) . Peaks of importance include the 

hydroxyl peak (6=10.5), amide peak (5=9.67), erephthaloyl protons 

ftom Ohm I 
<i) 

| 
CF; 

Compound 2 (with base) and Compound 3 (without base) 

(5=8.1) and the aminophenol proton resonances at 5=7.0 and 5=7.9 

ppm. It should also be noted that an extra amide peak (5=9.8) as 

well as peaks potentially attributable to protons ortho to an ester 

and/or an amide (5=8.2 and 8.4) and starting material (5=6.5-6.7) are 

present in spectum Il, while they are not present in spectrum Ill. 

Inspection of this data indicates that a side reaction is 

occurring during the base-catalyzed polymerization as evident by 

the extra signals in spectrum II. The downfield shoulder (~5=9.8) on 

the amide resonance of spectrum Il indicates a second type of amide 

is present in the polymer made with a base catalyst. Considering 

the fact that an amide flanked by an ester has a proton shift of 

5=10.4 in model compounds (spectrum 1), it is logical to conclude 

that the second amide signal is caused by a change in functionality 
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para to the amide carbonyl. Only two functional groups are possible 

in this case, an amide and an ester. The proton shift from an amide 

O O 
ll ly 

NH— c- \—c-Nuw 0 Oo 
ll 

nX_)-01 NH— c{ \-c-ow 

OH 

para to an amide is known from spectrum Ill, consequently the 

small downfield amide peak is being assigned to an amide para to an 

ester group. Electronic effects caused by substitution on the other 

aminophenol ring, through the hexafluoroisopropylidene linkage, will 

of course influence peak positions. However, due to the symmetry 

of the system, these features should lead to the same conclusion. 

Slight broadening of the hydroxyl peak (8=10.4) in spectrum Il is 

also consistent with the possibility that some amides are flanked 

by esters (similar to compound 1 (spectrum |)). If the second amide 

peak in spectrum Il is due to an amide para to an ester, then 

explanation of the observed two small downfield doublets (5=8.15 

and 8.3 ppm) should be straightforward. 
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The relationship between these two doublets was verified by 

performing a 2D 1H NMR decoupling experiment on the polymer 

synthesized with base. Figure 4.26 displays the spectroscopic 

results of this experiment. It is quite clear that the set of doublets 

are coupled to one another as illustrated by the off diagonal 

correlation. The fact that the peaks are shifted downfield from the 

protons ortho to an amide-amide linkage indicates the protons are 

affected by an electron-withdrawing group stronger than an amide 

carbonyl, such as an ester carbonyl. Due to the relative size of each 

peak and the splitting pattern, one can conclude that these protons 

are equivalent in quantity and occupy a position ortho to one 

another. Based on this evidence and the fact that the aminophenol 

protons all display resonances below 5=8.0 ppm, these two signals 

are assigned to protons ortho to an amide (8=8.15 (A)) and ortho to 

an ester (5=8.3 (B)), where the amide is para to an ester. 

o A oO 
ll ll 

NH— ct \-c-ow 

OH B 

For the sake of argument, one could argue that these proton 

shifts are simply due to residual carboxylic acid groups which didn't 

react during the polymerization. Evidence contrary to this 

assumption can be found in Figure 4.27. All three spectra are from 

compound 2 above, the bottom spectrum is from a polymer made 

without base, the central spectrum is from polymer made with base 
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Figure 4.26. 2D 1H NMR spectrum of base generated 6FAP-TC 

poly(hydroxy amide). 
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and the top spectrum is from a polymer made with base, but spiked 

with terephthalic acid. It is obvious from these results that the 

resonances at 5=8.15 and 8.3 ppm can't be residual acid groups 

because they are not present at or near the terephthalic acid proton 

resonance (8=8.05). In addition, if these shifts were due to residual 

acid groups, they should appear in the spectra of the PHA's 

generated with and without base. It is important to recall that both 

of the polymers are low molecular weight as judged by their 

respective intrinsic viscosities. 

Infrared analysis of the above structures also supports ester 

formation. Figure 4.28 is a stack plot of the FT-IR spectra obtained 

from compounds 1 and 2 above and compound 4 shown below. 

Stretches of major significance are the ester stretches at 1749 and 

1724 cm-1! and the amide stretches at 1684 and 1650 cm-1. 

Spectrum | corresponds to a completely acylated 6FAP monomer 

(compound 1), therefore only one type of ester stretch should be 

present (1749 cm-1). Spectrum Il (compound 3) represents the 

reaction product of 1 mole of 6FAP and 1.25 moles of TC, reacted 

fom, CFs gp Ok 

<i) 
| 
CF; 

Compound 3 
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in the presence of base. Excess terephthaloyl chloride allows for 

the formation of ester-ester, ester-amide and amide-amide 

compounds. The infrared bands at 1749 cm-' and 1724 cm-1 

correspond to the different types of ester functionalities, while the 

amide peaks are once again visible below 1690 cm-!. The amide 

stretches are also much larger relative to the ester stretches, 

indicating that a majority of the carbonyls are amides. Spectrum Ill 

represents the IR spectrum of a poly(hydroxy amide) generated under 

"normal" base catalyzed polymerization conditions (compound 2). 

Note that the ester bands have not completely disappeared, . 

suggesting an ester forming side reaction is taking place. The fact 

that esters can be detected by FT-IR, correlates very well with 1H 

NMR data. 

The last observation which must be addressed is the fact that a 

gel forms upon the addition of a slight excess of terephthaloyl 

chloride in a matter of minutes when the reaction temperature is 

raised to room temperature, but over the course of time, the gel 

disintegrates. Subsequent disintegration of the gel could be 

explained by an acyl exchange reaction between unreacted amines 

and esters, resulting in amides and phenols. It is expected that an 

increase in TC content would result in a permanent amide-ester gel. 

In fact when lutidine was used in place pyridine and a 50% molar 

excess of terephthaloyl chloride was employed, the entire contents 

of the flask gelled in matter of minutes at room temperature. This 

gel was stable even after heating for 8 hours at 165°C. 
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Generation of high molecular weight poly(hydroxy amide)s via 

low temperature techniques has been utilized just short of thirty 

years [11] and over this time period, a large portion of the research 

has been delegated towards the synthesis of high molecular weight 

PHA's with electron-withdrawing linkages between the aminophenol 

portion of the polymer [7,29,30]. While much of this work has 

focused on enhancing the reactivity of the amines toward 

nucleophilic addition, it should be clearly understood that amine 

reactivity is not the molecular weight limiting feature. The fact 

that 6FAP can be polymerized to high molecular weights when an 

electron rich acid chloride is used is further evidence to contradict 

the assumption of inadequate amine reactivity. 

Spectroscopic and other evidence described herein indicates that 

molecular weight is lowered by an ester side reaction. Immediate 

gelation in the case of either inadequate mixing, strong base or high 

concentrations of acid chloride can be easily explained by an ester 

forming side reaction. Polymerizations carried out in the absence 

of base exhibit no gelling behavior, indicating that the base is 

acting as a catalyst for the ester reaction; as it is well known to do 

in poly(arylate) syntheses [222]. Finally spectroscopic evidence, 

both 1'H NMR and FT-IR, confirms the formation of amide-esters 

during the polymerization process. 
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4.7. Methods of Cyclization 

4.7.1. Poly(hydroxy amide) Cyclization Studies 

The "Research Objectives” section mentioned the goal of 

generating fully cyclized polybenzoxazoles in solution. Synthesis of 

completely cyclized polymers allows one to avoid the lengthy 

thermal cyclization process and the disadvantages associated with 

it (e.g., morphological differences, shrinkage, etc.). As alluded to in 

the "Literature Review," the polyphosphoric acid reaction mixture 

does accomplish solution cyclization, but at the expense of using a 

undesirable solvent. Reinhardt [8] demonstrated that fluorinated 

PBO's can be prepared in situ using a PPSE catalyst in o- 

dichlorobenzene; unfortunately stoichiometric amounts of PPSE are 

required and removal of this catalyst is difficult. The approach 

employed herein is to perform the actual polymerization at a low 

temperature and then catalytically cyclize the poly(hydroxy amide) 

to the polybenzoxazole. Efforts made to identify suitable 

cyclization conditions will be addressed in the following section. 

Reports in the literature [238], suggest o-hydroxyacetanilide 

will undergo spontaneous intramolecular cyclization/aromatization 

upon heating to form 2-methylbenzoxazole in high yields. Similar 

reports suggest 2-phenylbenzoxazole can also be generated in this 

fashion, albeit at higher reaction temperatures [239,240]. There- 
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fore efforts were undertaken to use this approach to cyclize 

  

poly(hydroxy amide)s to polybenzoxazoles. Unfortunately, research 

carried out by the Russians [241] and experiments conducted in our 

labs indicated elevated temperatures alone are inadequate to 

facilitate rapid cyclization. In addition, appreciable reduction in 

molecular weight was observed; probably due to hydrolysis of the 

amide bond (Figure 4.29). Efforts to enhance the rate of cyclization 

by using an acid catalyst resulted in highly cyclized materials, but 

degradation of molecular weight was still a problem. Due to the 

apparently competitive rate of hydrolysis, it was postulated that 

efficient removal of water (generated in the cyclization process, 

Figure 4.30) from the reaction system would suppress the rate of 

hydrolysis and maintain molecular weight. This would certainly 

agree with our recent research on solution imidization [228]. 

A series of reactions were carried out using various reaction 

conditions, different acid catalysts and various temperatures to 

test this hypothesis. 6FAP-ODBC poly(hydroxy amide) was the 

polymer of choice for these experiments since high molecular 

weight PHA's could be generated. The reaction scheme and polymer 

structures are illustrated in Figure 4.31. Dehydration of the 

reaction mixture was achieved using several solvents at various 
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azeotroping temperatures. For example, toluene is effective at 

removing water in the temperature range of 150-170°C, while 

“1 on, a 
C-N OF 

HO 
ee H,0 

Proton Shift ah 

Ost a EK par 

Deprotonation, lo 
Protonation H20 

H. 

20; Where B: can be 
wpe + H,N solvent or amide 

wX )-¢-01 

O 

Figure 4.29. A proposed mechanism for the acid catalyzed 

hydrolysis of an amide bond in poly(hydroxy amide)s. 
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Figure 4.30. Proposed mechanism for the acid catalyzed cyclization 

of poly(hydroxy amide) to polybenzoxazole. 
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Figure 4.31. General poly(hydroxy amide) cyclization reaction. 
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o-dichlorobenzene (DCB) is effective at temperatures around 

185°C.temperatures around 185°C. For higher temperature 

reactions, N-cyclohexylpyrrolidinone (CHP) was used as the solvent 

and the azeotrope solvent. Typical reaction procedures entailed 

dissolving the polymer in NMP, adding judicious quantities of 

azeotrope solvent and heating at the azeotroping temperature until 

cyclization was complete. 

Percent cyclization was determined using the aromatic portion 

of the 1H NMR spectra (Figure 3.32). Aliquots of the reaction 

mixture were sampled at various times throughout the reaction. 

Dividing the integral for the two peaks at 5=7.8 ppm by the combined 

integrals from the peaks at 5=7.8 and 5=7.05 ppm and multiplying by 

100 results in the percent polybenzoxazole formed at a specific 

time, or conversely, the percent poly(hydroxy amide) remaining. It 

should be point out that no attempt was made to identify spectral 

shifts due to intermediates, nor was any consideration of 

intermediates made in the calculation of percent cyclization. Figure 

4.32 demonstrates quite clearly that complete cyclization has 

occurred and that monitoring the cyclization by 1H NMR is very 

reliable. 

Initial attempts to cyclize the poly(hydroxy amide) without an 

acid catalyst resulted in less than 1% conversion over a 5 hour 

period and an appreciable amount of polymer hydrolysis. Therefore 

pyridine hydrochloride was investigated as a catalyst to enhance the 

rate of cyclization. Pyridine hydrochloride was initially selected 
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because it is a byproduct of the initial step polymerization. Since 

stoichiometric quantities of pyridine hydrochloride were generated 

in the polycondensation, stoichiometric quantities were used in the 

cyclization studies. By varying the azeotrope solvent composition, 

the azeotroping temperature or reaction temperature, percent 

cyclization could be systematically studied. 

The influence of reaction temperature on percent cyclization is 

shown in Figure 3.34. As indicated, pyridine hydrochloride is a very 

effective catalyst over the entire temperature range investigated. 

At lower reaction temperatures, cyclization progresses at a slower 

rate, but complete conversion could be achieved in as little as 12 

hours at 165°C. Unfortunately, the use of pyridine hydrochloride as 

a catalyst is complicated, especially at higher reaction 

temperatures, by its volatility. At cyclization temperatures above 

165°C, pyridine hydrochloride is a very effective catalyst during the 

initial stages of the reaction, but as the reaction progresses, 

pyridine hydrochloride disassociates, distills from the system and 

the rate of cyclization decreases dramatically. If more pyridine 

hydrochloride is added to the system, the rate of cyclization will 

again increase, but only as long as pyridine hydrochloride remains in 

the system. The plateauing effect of the 185°C curve (Figure 4.33) 

is the result of this phenomenon. At lower reaction temperatures, 

disassociation of pyridine hydrochloride and subsequent distillation 

from the system is minimized, therefore conversion of poly(hydroxy 

amide) to polybenzoxazole follows a smooth continuous curve. 
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Unfortunately, lower cyclization temperatures also lead to more 

amide hydrolysis in this particular case. Alternate catalysts were 

explored due to these undesirable effects. 
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Figure 4.33. Conversion of 6FAP-ODBC PHA to PBO as a function of 

reaction temperature with stoichiometric amounts of pyridine 

hydrochloride [NMP/DCB (80/20), 15% solids]. 

p-Toluenesulfonic acid monohydrate (p-TSA) is a solid at room 

temperature and unlike pyridine hydrochloride, displays minimal 

volatility at high reaction temperatures. Therefore, a steady 

conversion of poly(hydroxy amide) to polybenzoxazole is realized. 

Analogous to the pyridine hydrochloride reaction conditions, higher 

reaction temperatures were found to enhance the rate of 

cyclization. In an attempt to optimize the cyclization conditions 
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with respect to catalyst concentration and reaction temperature, a 

series of experiments were conducted with various quantities of p- 

toluenesulfonic acid monohydrate. Catalyst concentrations are 

reported as a mole percent of the hydroxyl groups, assuming 2 

hydroxyl groups per repeat unit. 

The results of the study are depicted in Figure 4.34. In all cases, 

p-toluenesulfonic acid was found to dramatically increase the rate 

of the cyclization, even with as little as 1% catalyst. In general, 

the rate of cyclization was directly dependent on reaction 

temperature and catalyst concentration. Increasing the reaction 

temperature or increasing the catalyst concentration results in 

enhanced rates of cyclization. Reactions at 185°C with 10% p- 

toluenesulfonic acid were found to be completely cyclized in as 

little as 2.5 hours. An interesting feature of the lower reaction 

temperatures and lower catalyst concentrations is an apparent 2 

stage cyclization profile. In all the reactions, percent conversion 

rose quickly in the first few hours, but then dramatically tailed off 

towards the end of the reaction. A possible explanation for this 

phenomenon is a decrease in functional group concentration with 

time. With fewer functional groups to react, the catalyst is less 

efficient and the rate of cyclization decreases. Therefore, 

increasing the catalyst concentration should depress this tailing 

and it does, within expected limits. An increase in solution 

viscosity with percent conversion would also be expected to 
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decrease functional group and catalyst mobility, further 

contributing to a reduction in cyclization rate. 
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Figure 4.34. Conversion of 6FAP-ODBC poly(hydroxy amide) to PBO 

as a function of reaction temperature and p-TSA concentration (15% 

Solids, NMP, toluene or o-dichlorobenzene). 

One drawback associated with using p-toluenesulfonic acid is 

the required isolation of the precursor poly(hydroxy amide)s and 

removal of the pyridine hydrochloride by-product. Efforts to avoid 

this rather tedious step were investigated by using combinations of 

pyridine hydrochloride and p-toluenesulfonic acid in the cyclization 

step. It was expected that pyridine hydrochloride would enhance the 

rate of cyclization in the initial stages of the reaction and p- 

toluenesulfonic acid would erase the plateauing effect and lead to a 
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steady continuation of the process at longer reaction times. The 

results of this study are shown in Figure 4.35. Addition of 10% p- 

toluenesulfonic acid to stoichiometric amounts of pyridine 

hydrochloride resulted in the same curve as using 10% p- 

toluenesulfonic acid alone. Adding 1% p-toluenesulfonic acid to 

stoichiometric amounts of pyridine hydrochloride reduces the rate 

of cyclization relative the 10% p-TSA addition, but like adding 10% 

p-TSA, erases the plateauing effect exhibited by pyridine 

hydrochloride alone. Also note that combinations of pyridine 

hydrochloride and p-toluenesulfonic acid result in a dramatic 
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Figure 4.35. Conversion of 6FAP-ODBC poly(hydroxy amide) to PBO 

as a function of catalyst composition and catalyst concentration 

(NMP, 15% solids, DCB azeotrope, 185°C). 
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increase in the rate of cyclization relative to 1% p-toluenesulfonic 

acid alone. It is obvious from this study that catalyst combinations 

can be used, but the real test of catalyst viability lies in the 

effect of reaction conditions on molecular weight. 

The effect of reaction conditions on molecular weight (inherent 

viscosity) were investigated by measuring the inherent viscosities 

of the precursor poly(hydroxy amide)s and the resulting 

polybenzoxazoles. Comparison of the PHA and PBO njnn's for each set 

of reaction conditions would, in principle, allow for the 

determination of optimum reaction conditions. While it is . 

understood that solubility parameters and Mark-Houwink parameters 

are not equal for poly(hydroxy amide)s and polybenzoxazoles, it is 

believed that an increase or stabilization of njnn's throughout the 

cyclization process is a positive sign that molecular weight is not 

deteriorating to any appreciable extent. An increase in the njnh's 

could be attributed to a number of different factors. Some of these 

include an increase in chain stiffness due to the formation of 

aromatic rings during cyclization, an increase in molecular weight 

after cyclization due to chain extension or simply a change in 

polymer-solvent interaction parameter. A drawback of using this 

technique is that one can only compare the effect of different 

catalysts and temperatures in relative terms and not in absolute 

terms. Gel permeation chromatography can in principle determine 

the quantitative influence of reaction conditions on molecular 

weight. 
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The influence of reaction conditions on inherent viscosities for 

the pyridine hydrochloride reactions are shown in Table 4.8. These 

results imply that higher reaction temperatures produce more 

favorable results However, in all cases the PBO njnn's have dropped 

below those of the precursor poly(hydroxy amide). These decreases 

in the ninh's are being attributed to chain cleavage. The marked 

Table 4.8. Summary of cyclization conditions for reactions 

catalyzed with pyridine hydrochloride. 

  

Polymer/ Temp. Reaction ninh® ninh? 
Cosolvents Catalyst (°C) Time (hr)  (dl/g) (dl/q) 

Poly(hydroxy amide) 0.70 0.92 

NMP/Tol. 100% PyrHCl 160 7.50 ---- 0Q.33¢ 

NMP/Tol. 100% PyrHCl 170 7.50 ---- 0.39¢ 

NMP/DCB 100% PyrHCl 185 5.00 ~--- 0.69 
  

@Measured in tetrahydrofuran (0.5 g/dl, 25°C) 

DMeasured in NMP (0.5 g/dl, 25°C) 

CIncomplete cyclization 

reduction of njnh's at lower reaction temperatures could be the 

result of incomplete pyridine hydrochloride disassociation and thus 

a reduction in catalysis. As a result, amide hydrolysis becomes a 

more competitive reaction and molecular weight is reduced. 

Table 4.9 summarizes the effect of cyclization conditions on 

molecular weight (inherent viscosity) for the p-toluenesulfonic acid 
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and combined catalyst systems. Note that all the ninr's have 

increased relative to the PHA njnh and the above mentioned pyridine 

hydrochloride results. As in Table 4.8, higher reaction 

temperatures, shorter reaction times and lower catalyst 

concentrations resulted in higher inherent viscosities. It is 

Table 4.9. Summary of cyclization conditions and inherent 

viscosities using p-toluenesulfonic acid and pyridine hydrochloride. 

  

Polymer/ Temp. Reaction njnh®. ninh? 

Cosolvents Catalyst (°C) Time (hr) (dli/g) (dl/g) 

Poly(hydroxy amide) --- --- 0.70 0.92 

NMP/DCB 1% p-TSA 185 4.75 0.92 Insol. 

NMP/Tol. 5% p-TSA 165 12.00 0.88 Insol. 

NMP/DCB 10% p-TSA 185 2.00 0.83 0.61¢ 

CHP 10% p-TSA 195 3.00 1.45d —Insol. 

NMP/DCB 100% PyrHCl 

& 10% p-TSA 185 2.75 0.76 Insol. 

NMP/DCB 100% PyrHCl 

& 1% p-TSA 185 3.00 0.61 Insol 
  

1Measured in tetrahydrofuran (0.5g/dl, 25°C) 
2Measured in NMP (0.5q/dl, 25°C) 
3n inh measured on soluble fraction 
4Measured in CHCl3 (0.5g/dl, 25°C) 

especially satisfying to see the dramatic increase in the ninh using 

CHP as the azeotrope/reaction solvent. Moreover, note the njnn's 
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were analyzed in THF, due to the insolubility of the PBO's in NMP. 

This is another indication of appreciable molecular weight and high 

degrees of cyclization. The use of catalyst combinations resulted in 

shorter reaction times and increased percent cyclizations relative 

to using pyridine hydrochloride alone, but njnn's indicate these 

catalyst systems to be less attractive than the p-toluenesulfonic 

acid systems. Nevertheless, the combined catalyst systems 

resulted in higher njnn's in all cases relative to pyridine 

hydrochloride alone. 

In summary, reaction conditions necessary to generate fully 

cyclized, soluble polybenzoxazoles which possess high molecular 

weights have been elucidated. A simple spectroscopic method has 

been developed to follow the cyclization process and determine 

percent conversion to polybenzoxazole. A variety of different 

catalyst systems were studied and results indicate p-toluene- 

sulfonic acid is the favored acid catalyst and while combinations of 

pyridine hydrochloride and p-toluenesulfonic acid or pyridine 

hydrochloride alone are highly desirable, they appear to still induce 

hydrolysis, which limits molecular weight. Nevertheless, molecular 

weight is not being dramatically affected by cyclization under 

optimum conditions and the best results were obtained using 10% p- 

TSA at 190-195°C in CHP for 3 hours, as shown in Table 4.9. 
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4.7.2. Alternate Cyclization Techniques 

Earlier discussions (Section 4.6) mentioned the difficulty in 

achieving high molecular weight poly(hydroxy amide)s when 

electron-deficient bis(o-aminophenol)s and electron-deficient acid 

chlorides were employed. Efforts made to rectify this situation 

included investigations into alternate bases and varying base 

concentration. Another approach considered was to react bis(o- 

~ aminoanisole)s with acid chlorides in an attempt to generate 

poly(methoxy amide)s. It was expected that by protecting the 

hydroxyl group, one could eliminate the competitive ester reaction 

and generate high molecular weight polymers. If this is possible, 

the obvious question becomes, how does one deprotect the hydroxyl 

group, cyclize the oxazole ring and avoid amide degradation? It was 

assumed that generation of bis(o-aminoanisole)s would be a 

relatively simple task, so research efforts were concentrated on 

finding suitable reaction conditions to carry out the deprotection, 

cyclization reaction. 

Investigations into this problem were initiated using 2,2-bis(3- 

amino-4-methoxyphenyl)propane and benzoyl chloride. The bis(o- 

aminoanisole) was synthesized by methylating Bisphenol A in 

acetone, nitrating with HNQg3 and finally reducing with 10% Pd/C in 

methanol (Figure 4.36). Subsequent condensation with benzoyl 

chloride resulted in the desired methoxy substituted bisbenzanilide 

(Figure 4.37). The product was confirmed by 1H NMR. Traditional 

237



aryl methyl ether cleavage conditions were attempted because of 

their similarity to the previously mentioned cyclization conditions 

and their favorable success in general. Following a report by Gates 

[242] and research performed in our labs, pyridine hydrochloride and 

sodium cyanide in DMSO were selected as cleavage reagents. It was 

realized that NaCN is not the most desirable reagent, but literature 

reports [243] indicate it to be quite successful in cleaving aryl 

methyl ethers in the presence of amide groups. 

CH, 

Ho )—+{_ )-on Acetone, Mel LF 
we 

3 

CH, 

Hco— )—+-{_ )-ock 
CH 

AcOH 3 

HNO, 
O.N 

CH; 

wo) 
CH; MeOH, Pd/C 

NO, H, 

NH, 
CH; 

nco-<)-f 00 
CH, 

Hn 

Figure 4.36. Synthesis of 2,2-bis(3-amino-4- 

methoxyphenyl)propane. 
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H,N NH, 
CH, 

Wo LE Cfo + 2 pa CH, 
NMP, Pyridine 
§-10°C, 30 min 
RT, 20 hrs 

waco) 

Figure 4.37. Synthesis of 2,2-bis(4-methoxy-3- 

benzoylamino)propane. 

The reaction conditions used in the cleavage/cyclization 

reactions were as follows: 

NMP/DCB Experiment - 15% solids (w/v), 80/20 (vol/vol) 

NMP/DCB, 2.05 moles of pyridine hydrochloride, 180-185°C 

for 23 hours 

NMP Experiment - 15% solids (w/v) in NMP, 2.05 moles of 

pyridine hydrochloride, 185-190°C for 48 hours 

NaCN Experiment - 15% solids (w/v) in DMSO, 5 moles of NaCN, 

180°C for 48 hours. 

To monitor the percent cleavage, aliquots of the reaction mixture 

were removed periodically and analyzed via 1H NMR. Ratioing the 

methoxy methyl protons (5=3.78) to the isopropylidene methyl 

protons (5=1.61), an accurate assessment of aryl methyl ether 
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cleavage could be obtained (Figure 4.38). Splitting of the methoxy 

singlet to a doublet and the isopropylidene singlet to a triplet, 

indicates the methoxy groups are being cleaved in a random fashion 

and that cleaved, monomethoxy and dimethoxy compounds exist in 

solution simultaneously. 

Results of these studies indicate long reaction times (excess of 

24 hours), high temperatures and at least stoichiometric quantities 

of catalyst are required (Figure 4.39). Furthermore, reactions using 

pyridine hydrochloride as the catalyst resulted in amide cleavage in 

as little as 12 hours, while the NaCN reaction appeared to leave the 

amide linkages intact. Assessment of percent cyclization was not 

performed due to the unfavorable results obtained from the cleavage 

reactions. In summary, generation of methoxy substituted 

bisbenzanilides is possible, but subsequent successful cleavage of 

the aryl methyl ether moiety without detrimental effects on the 

amide linkage is difficult. Long reaction times, high temperatures, 

unfavorable catalysts and incomplete cleavage render this approach 

at generating polybenzoxazoles unattractive. 
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Figure 4.38. 1H NMR spectra of methoxy cleavage reaction mixture 

at various times. 
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Figure 4.39. Percent methoxy groups remaining as a function of 
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4.8. Polymers Based on 2,2-Bis(3-amino-4- 

hydroxyphenyl)propane 

It was already mentioned in the previous sections that difficulty 

was encountered during attempted polymerizations of electron- 

withdrawing bis(o-aminophenol)s and various acid chlorides. To 

overcome this problem and determine if solution polymerization, as 

well solution cyclization was a viable synthetic procedure, 2,2- 

bis(3-amino-4-hydroxyphenyl)propane (bAAP), an electron-rich 

bis(o-aminophenol) was selected for investigation. In addition, 

many of the commercially available engineering thermoplastics 

(polycarbonates, polysulfones, poly(arylene ether)s, etc.) are based 

on the bisphenol-A building block, consequently an adequate data 

base available to aid in predicting structure-property relationships. 

It was expected that many of the desirable characteristics 

attributed to the bis-A linkage (e.g., good solubility, toughness, 

thermo-oxidative stability and melt processability) could be 

extended to polybenzoxazole systems. Synthesis of the bAAP 

monomer as well as purification of the various acid chlorides have 

already been discussed; therefore the polymerization conditions and 
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resulting polymer properties will be discussed in the following 

paragraphs. 

Initial research efforts focused on the generation bAAP-TC 

polymers using the polymerization methods discussed previously 

(Figure 4.40). Generation of high molecular weight (based on 

adequate [n]'s) poly(hydroxy amide)s was accomplished quite easily, 

but conversion to the polybenzoxazoles was much less successful. 

Premature precipitation of the bDAAP-TC polybenzoxazole was 

observed during initial cyclization efforts. Based on previous 

experience, it was concluded that high molecular weight was 

Causing precipitation and effective molecular weight control would 

result in a homogeneous reaction mixture. Unfortunately, this 

assumption was incorrect as premature precipitation occurred even 

when molecular weight was controlled. Thermal and WAXS analysis 

of the reaction products indicated the presence of crystallinity, 

which was certainly the main alternative consideration. 

Differential scanning calorimetry detected a Tg of 312°C and a 

crystalline melting point around 380°C after thermal cyclization 

and annealing (Figure 4.41). WAXS, also displayed 2 rather broad 

peaks overlaying the amorphous halo (Figure 4.42). As expected, the 

resulting polymer was insoluble in all organic solvents. Although 

this is attractive in terms of achieving solvent resistance, the 

major thrust of the research was to develop more soluble systems. 

An examination of the effect positional isomers had on 

crystallinity and solubility was conducted in an attempt to 
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overcome the this solubility issue. It was rationalized that 

incorporation of isophthaloyl linkages into the polymer backbone 

would decrease crystallinity and increase solubility. Using the 

polymerization conditions outlined in Figure 4.40, the series of 

isomeric PBO's listed in Table 4.10 were generated. All the 

polybenzoxazoles, except the bAAP-TC system, stayed in solution 

during cyclization; therefore lending credence to the concept of 

H,N NH COCI 2 CH, 2 

HO < >) « >) OH + ClOC (7% 

CH; 

NMP, Pyridine 
§-10°C for 30 min 
23°C for 12 hours 

O 

HN NH ¢ . i 
CH; \ T~C 

XD 
CH; 

20-25% o-Dichlorobenzene 
180°C for 24 hours 

N N a Sm aI > LOE n 
CH; 

Figure 4.40. Low temperature polymerization of bDAAP based 

poly(hydroxy amide)s and polybenzoxazoles. 
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premature precipitation due to crystallinity. 

Verification of complete cyclization was investigated by FT-IR, 

TGA and TGA-MS, as well as 1H NMR and 13C NMR spectroscopy. 

Infrared spectroscopy of the polybenzoxazoles showed complete 

disappearance of the amide and hydroxy stretches (3000-3300 cm- 

1) and the carbony! stretch (1650cm-1) (upper spectrum, Figure 

4.43), along with the appearance of a characteristic oxazole stretch 

and vibration at 1620 cm-1 and 1060cm-1 (lower spectrum, Figure 

' distinct two-step degradation profile for the poly(hydroxy amide), 

where the weight loss at ~350°C is the expulsion of water due to 

cyclization and the weight loss around 480°C is thermo-oxidative 

degradation of the polymer backbone. The polybenzoxazole spectrum 

on the other hand displays no water loss at 350°C, indicating 

complete cyclization. The major weight loss at 480°C is backbone 

degradation as in the poly(hydroxy amide) case. 

TGA-MS generates similar data, but has the added benefit of 

being able to identify weight losses. Investigation of ring closure 

by TGA-MS. showed no detectable water loss for the polymers until 

backbone decomposition was initiated around 480°C (Figure 4.45). 

Decarboxylation was noticed around 380°C and is attributed to the 

loss of acid end groups. Attempts were also made to ascertain 

percent cyclization via solid state 13C NMR and 1H NMR spectro- 

scopy, but due to the broad character of the 13C resonances and the 

insolubility of the polybenzoxazoles in deuterated solvents, 

inconclusive results were obtained. 
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Table 4.10. Aromatic composition and solution properties of 

isomeric DAAP poly(hydroxy amide)s and polybenzoxazoles. 

Ry VT Arar 

    

  

Aromatic Composition [n]@ [nb 

TC Je (di/q) (di/g) 

100 0 0.67 --- 

80 20 0.63 1.16 

60 40 0.61 0.81 

50 50 0.49¢ 0.73 

40 60 0.67 0.72 

20 80 0.71 0.73 

Q 100 0.34¢ 0.57 
€@[n]25°C of PHA measured in NMP CM.W. controlled to 20K 

D[nJ25°C of PBO measured in m-cresol Precipitated PHA at 150°C 
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Figure 4.45. Total ion (upper) and selective ion count (lower) TGA- 

MS spectra of bAAP polybenzoxazole (40°C/min in He). 
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Solution and thermal properties of the poly(hydroxy amide)s and 

polybenzoxazoles were monitored by intrinsic viscosity 

measurements and differential scanning calorimetry (DSC). Results 

of these experiments (Table 4.10 and 4.11) indicate positional 

isomers have a much larger effect on the PBO solution properties 

than on PHA solution properties. Intrinsic viscosities of PHA's 

remained relatively constant with incorporation of isophthaloyl 

linkages, while PBO's showed a marked decrease in [n]'s in going 

from 100% para-linked systems to 60/40 para/meta \inked systems. 

Assuming constant molecular weight, these decreases in [n]'s would 

be expected due to the removal of conformational constraints in 

going from a 100% para-linked system to the less linear isomeric 

systems. One would also expect a steady decrease in glass 

transition temperatures as the number of meta linkages is 

increased. As Table 4.11 indicates, this trend is also observed. 

Thermal stabilities, as measured by dynamic TGA in air, were as 

expected and resulted in 5% weight losses around 490°C. No obvious 

trends in thermal stability were observed relative to positional 

isomer content (Table 4.11). 

Alteration of crystallinity and solubility was the major goal of 

this work and as noted in Table 4.11, a complete loss of 

crystallinity was observed in going from 100% terephthaloyl 

chloride to an 80/20 (TC/IC) isomeric ratio. Crystallinity was only 

detected by DSC after annealing the samples ~50°C above their Tg's 

for 2 hours. Optical microscopy (OM) on the other hand showed no 
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Table 4.11. Thermal and morphological properties of isomeric DAAP 

poly(hydroxy amide)s and polybenzoxazoles. 

  

wf’ NS ard 

Ar Composition Tg 5% Wt. Loss Crystallinity by 

TC Ic (°C) (°C) psca Omb 

100 0 313 492 Yes No 

80 20 307 489 No No 

60 40 296 489 No No 

50 50 287 477 No No 

40 60 283 493 No No 

20 80 278 498 No No 

Q 100 267 486 No No 
  

aHeating rate of 10°C/minute in No 

DOM = Optical Microscopy 
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anomalies in any of the polymer systems investigated, even after 

annealing above their respective Tg's for 2 hours. 

Solubility of the resulting isomeric polybenzoxazoles was also 

changed relative to the 100% TC system (Table 4.12). While highly 

para-linked systems displayed absolutely no solubility in any of the 

solvents tested, the highly meta-linked systems showed various 

degrees of solubility in hot N-methylpyrrolidinone (NMP), o- 

dichlorobenzene (DCB) and even chloroform. This increase in 

solubility can be attributed to the above mentioned increase in the 

number of positional conformations available to the copolymers 

with an increase in meta links along the polymer backbone. It must 

be pointed out however that solubility (3-5% solids) was only 

achieved in boiling solvents and precipitation occurred immediately 

upon cooling, except in the case of m-cresol. All solution cyclized 

PBO systems were soluble in warm m-cresol, while the thermally 

cyclized bDAAP-TC PBO was insoluble in hot m-cresol. It is 

interesting to note that all solution cyclized copolymers remained 

soluble in a 80/20 (NMP/DCB) reaction mixture (15% solids), but 

once precipitated and dried, their solubility was greatly reduced. 

The ability of the solvent mixture to solubilize the 

polybenzoxazoles during cyclization is attributed to the acidic 

nature of the reaction media. It is hypothesized that the HCl 

liberated during the degradation of pyridine hydrochloride 

protonates some of the oxazole rings and enhances solubility. Upon 

precipitation and isolation, the protonated species are eliminated 
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Table 4.12. Solubility of isomeric DAAP polybenzoxazoles in various 

solvents (3-5% solids) 

N N wf __ Saree 

oS \ (\- 
  

  

  

  

Ar Composition Solvents@4 

TC Ic DMA DCB NMP THF m-cresol> CHCI 

100 0 | | | | S | 

80 20 | | | | S | 

60 40 | Ss | | Ss | 

40 60 | sc =e | S SS 

20 80 | ss sc | S SS 

Q 100 | Ss. §¢ | S | 
  

aRefluxing solvents 

bSoluble at room temperature 
S-Soluble, I-Insoluble, SS-Slightly Soluble 
c-clouds upon cooling 
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and therefore polymer solubilities decrease. 

The previous data confirm that the synthesis of bDAAP based 

polybenzoxazoles via an acid catalyzed solution cyclization method 

is a viable synthetic strategy and little if any difficulty was 

encountered during the synthesis of poly(hydroxy amide)s with 

appreciable molecular weight. A semi-crystalline morphology was 

observed for the 100% para linked system, but incorporation of 

small amounts of isomeric linkages resulted in amorphous materials 

with slightly improved solubilities. Excellent solvent resistance 

was observed for all solvents tested, with the exception of .m- 

cresol. High molecular weight poly(hydroxy amide)s were achieved, 

evident from the solution viscosities and retention of molecular 

weight during cyclization is believed to have occurred. The thermo- 

oxidative stability of these materials was in the range expected and 

glass transition temperatures increased with percent incorporation 

of terephthaloyl linkages. Unfortunately, poor solubility, 

unfavorable thermo-oxidative stability and the tendency to degrade 

during melt processing render the polymers unacceptable as 

candidates for high performance applications. Nevertheless, the 

methods used in the synthesis of DAAP based polybenzoxazoles 

demonstrate the viability of the synthetic approach and allow for 

extention to alternate systems. 
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4.9. Synthesis of Fluorinated Poly(hydroxy 

amide)s and Polybenzoxazoles 

Based on the impressive results obtained in the bAAP systems, 

efforts were undertaken to extend the methodology to 

polybenzoxazole systems which have the potential to exhibit 

enhanced thermo-oxidative stability and improved processability. 

The two step polymerization process was investigated with a series 

of fluorinated and/or kinked monomers. Unfortunately, when the 

bAAP reaction conditions were applied to fluorinated systems, high 

molecular weights were not achieved . The problems discussed in 

Section 4.3 and hydrolysis of amide linkages during cyclization were 

encountered. Consequently a systematic study of the cyclization 

conditions was conducted by varying the catalyst type and 

concentration, solvent system and temperature in an effort to 

determine the optimum reaction conditions. The results of these 

studies have been addressed previously in Section 4.4. Using the 

optimal conditions, a series of fluorinated polybenzoxazoles based 

on 2,2-bis(3-amino-4-hydroxyphenyl)-1,1,1-3,3,3- 

hexafluoropropane (6FAP) and 2,2-bis(3-amino-4-hydroxyphenyl)-2- 

phenyl-1,1,1-trifluoroethane (3FAP) and various fluorinated and 

nonfluorinated aromatic acid chlorides were synthesized and 

characterized. The molecular structures and acronyms of the bis(o- 

aminophenol)s and diacid chlorides are depicted in Figure 4.47. 
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HN CF, NH, H,N cr, NH, 
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secant NHSiMe, 

SDAR 

Figure 4.46. Acronyms and structures of various bis(o-amino- 

phenol)s and acid chlorides 
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The poly(hydroxy amide)s were formed via the same low 

temperature base catalyzed reaction (Figure 4.47) discussed earlier. 

Consequently, some of the drawbacks associated with this synthetic 

procedure manifested themselves in these systems, namely 

competitive esterification. For purposes of comparison, the 

polymers have been divided into 3 different groups based on the 

bis(o-aminophenol) identity. Therefore, the polymers will be 

discussed as the 6FAP series, the 3FAP series and the 2,2'- 

dihydroxybenzidine (DHB) series. In some instances, the 

diaminoresorcinol polymer will be included in the DHB series. 1H 

NMR spectroscopy (Figure 4.48-4.50) clearly identifies the polymers 

as poly(hydroxy amide)s, evident by the hydroxyl proton signals at 

~5=10.3-10.4 and the amide proton signals at ~5=9.5-9.8. Variation 

in the exact location of these signals is expected due to different 

electronic environments. The assignments associated with the 

aromatic peaks are indicated on each respective spectra. It's 

noteworthy to point out the fact that the 1H NMR spectra display 

many similarities to previously mentioned 1H NMR spectra (Section 

4.6). The extraneous downfield doublets, splitting of the amide 

protons and residual monomer signals are all assumed to be 

attributable to esterification. It's also interesting to note that 

these aberrations tend to decrease with electron-donating acid 

chlorides and electron-donating aminophenols, similar to results 

previously discussed. Prior to conducting cyclization, the 

poly(hydroxy amide)s were isolated from the polymerization 
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om es Oo th 

Scheme 4.47. Low temperature polymerization of 6FAP-ODBC 

poly(hydroxy amide). 
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reaction mixture via precipitation, washed with copious amounts of 

water and dried under vacuum to insure efficient removal of 

residual pyridine hydrochloride and water. 

The poly(hydroxy amide)s were cyclized by dissolving in CHP, 

adding 10% mole percent p-toluenesulfonic acid monohydrate and 

heating at 190-200°C for 4 hours (Figure 3.51). In nearly all cases 

the PBO's remained in solution throughout the cyclization reaction. 

Exceptions to this trend were found in PBO's containing the 

- terephthaloyl and isophthaloyl linkages. But even in these cases, 

only slight clouding of the reaction mixtures were observed and not 

complete precipitation. Unlike cyclization conditions reported 

earlier, the CHP reaction mixture displayed an enhanced solution 

viscosity during cyclization and in some cases required dilution. 

Since intrinsic viscosities (Table 4.13) suggest only a negligible 

increase in molecular weight, the exact nature of this viscosity 

increase is unclear, but it is quite probably related to the solvent- 

polymer interaction parameter. 

Confirmation of ring closure was achieved with TGA, TGA-MS 

and infrared spectroscopy. A representative TGA thermogram is 

displayed in Figure 4.52 Note the absence of any type of weight loss 

at ~350°C (dehydration of residual uncyclized poly(hydroxy amide)). 

TGA-MS also confirmed this finding by identifying only the casting 

solvent as a volatile (Figure 4.53). The peaks at 28, 32 and 44 

mass/charge ratios represent the atmospheric gases, nitrogen, 

oxygen and carbon dioxide. Infrared spectroscopy provides further 
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tre “S 2 

N-Cyclohexylpyrrolidinone 
10% p-Toluenesulfonic Acid 
190-200°C for 4 hours 

  

Figure 4.51. Solution cyclization of GFAP-ODBC poly(hydroxy amide) 

to polybenzoxazole. 
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Figure 4.52. Dynamic thermogravimetric thermogram of 3FAP-6FAC 

polybenzoxazole (10°C/min in air). 
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MS spectra of 3FAP-TC polybenzoxazole (40°C/min in He). 
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Figure 4.54. Fourier transformed infrared spectra of 3FAP-TC 

poly(hydroxy amide) (upper) and polybenzoxazole (lower). 
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evidence of complete cyclization. Figure 4.54 displays the FT-IR 

spectra of a 3FAP-TC poly(hydroxy amide) and polybenzoxazole (top 

and bottom, respectively). Disappearance of the hydroxyl and amide 

stretches at ~3000-3400 cm-1! and the carbonyl stretch at ~1650 

cm-1, along with the appearance of an oxazole stretch (~1620 cm-') 

and vibration (~1060 cm-') indicates complete cyclization. FT-IR 

stack plots (Figures 4.55-4.57) of each series of polybenzoxazoles 

indicate similar spectroscopic characteristics. In some cases 

residual amide solvent is exhibiting the amide stretches. 

Thermal transitions (Table 4.13) clearly demonstrate the 

influence of various connecting groups. Polybenzoxazoles 

possessing flexible linking groups exhibit Tg's around 280°C and 

rigid linkages raise Tg's to around 370°C. Perhaps the most 

interesting effect on glass transition temperatures is the 

similarity of a trifluoro- (3F) linking group and a hexafluoro- (6F) 

linkage In most cases Tg's are only slightly influenced by altering 

these linkages, for example, G6FAP-TC and 3FAP-TC, 6FAP-IC and 

3FAP-IC and DHB-6FAC and DHB-3FAC have nearly the same Tg's. On 

the other hand, the two polybenzoxazoles (6FAP-3FAC, 3FAP-3FAC) 

have Tg's some 20°C apart. The reason why substitution changes 

should alter glass transition temporaries for one system and not 

another is unclear at this time. However, molecular weight is 

known to dramatically alter glass transition temperatures and this 

effect may be significant in some of these systems. 
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Figure 4.55. Fourier transform infrared spectra of various 6FAP 

containing polybenzoxazoles. 
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Figure 4.56. Fourier transform infrared spectra of various 3FAP 
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Figure 4.57. Fourier transform infrared spectra of various DHB and 

DAR containing polybenzoxazoles. 
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The effect of linking group on thermo-oxidative stability was 

measured using dynamic thermogravimetric analysis in an 

atmosphere of air and a heating rate of 10°C/minute. Five percent 

weight losses (Table 4.14) appear to be indifferent to backbone 

structure, with all values exceeding 500°C and onsets of weight 

loss starting just short of 500°C. Isothermal aging studies carried 

out on solvent cast films of 6FAP-TC and 3FAP-TC PBO indicated 

the 6F linkage to be more stable. Initially, the 3FAP-TC PBO was 

aged at 371°C under an atmosphere of air in a TGA cell and results 

of these tests indicated the material to be extremely stable (Figure 

4.58, upper). However, isothermal aging of both 3FAP-TC and 6FAP- 

TC films in a large convection oven with an air flow of 5 psi, 

resulted in less impressive results. AS can be seen from Figure 4.58 

(lower), the 6FAP-TC PBO lost 16% of its mass over a 150 hour 

period, while the 3FAP-TC PBO lost 16% of its mass in less than 50 

hours. One can conclude from this data that the hexafluoro- linkage 

is more thermo-oxidatively stable than the corresponding 

phenyltrifluoromethyl- linkage. Further work should be conducted 

to verify these conclusions. 

For comparison, the solution properties exhibited by these 

materials are summarized in Table 4.14. The njnh and [n] data 

suggests that 6FAP polybenzoxazoles are of higher molecular weight 

relative to their 3FAP counterparts. This observation also carries 

through in the formation of higher quality 6FAP films. Monomer 

purity may have played a role in the inability to achieve high 
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Table 4.13. Solution and thermal properties of various fluorine 

containing polybenzoxazoles. 

  

[n]@ Tg® 5% Weight Loss¢ 

Polymer (di/g) (°C) (°C). 

6FAP-ODBC 1.08 280 534 

3F-ODBC 0.29 299 547 

6FAP-3FAC 0.48 310 529 

3FAP-3FAC 0.27 330 514 

6FAP-IC 0.54* 296 512 

3FAP-IC 0.26 301 524 

6FAP-TC 0.45* 361 531 

3FAP-TC 0.20 369 536 

6FAP-6FAC 0.41* 336 531 

3FAP-6FAC 0.26 334 520 

DHB-6FAC 0.52 345 534 

DHB-3FAC 0.45 350 509 
  

aMeasure in NMP at 25°C, unless starred 
bMeasured in nitrogen, 10°/minute 
CMeasured in air, 10°C/minute 

“Measured in m-cresol at 25°C 

275



  

  

    Pe
rc

en
t 

We
ig
ht
 
Re

te
nt

io
n 

o
S
B
e
s
s
s
a
s
s
e
s
 

Aim, pap Ore 

0 500 1000 1500 

Time (Minutes) 

  

S
E
s
 

  

  —a— 3FAP-TC 
—e— 6FAP-TC 

50 100 150 

Time (hours) 

  Pe
rc
en
t 

We
ig
ht
 
Re
te
nt
io
n 

o
e
 
S
8
8
 
S
E
S
 

@
 

«
a
 

Figure 4.58. Isothermal weight retention data for 3FAP-TC 

polybenzoxazole aged in TGA head in air at 371°C (upper) and 

isothermal weight retention data for 3FAP-TC and 6FAP-TC 

polybenzoxazole aged in conventional oven at 371°C (air). 

276



Table 4.14. Solution properties of various fluorine containing 

poly(hydroxy amide)s and polybenzoxazoles. 

  

PHA ninh® PBO [n] 
Polymer (di/g) (di/g)_ 

6FAP-ODBC 0.92 1.08* 

3F-ODBC 0.48 0.29 

6FAP-3FAC 0.44 0.48 

3FAP-3FAC 0.29 0.27 

6FAP-IC 0.62 0.54* 

3FAP-IC 0.31 0.26 

6FAP-TC 0.65 0.45* 

SFAP-TC 0.37 0.20* 

6FAP-6FAC 0.56 0.41* 

3FAP-6FAC 0.27 0.26 

DHB-6FAC 0.61 0.52 

DHB-3FAC 0.73 0.45 
  

€@Measured in NMP at 25°C (0.5 g/dl) 

DMeasured in NMP at 25°C unless starred 
“Measured in m-cresol at 25°C 
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molecular weight polymers in the 3FAP series. With respect to 

maintaining molecular weight during cyclization, it appears that the 

observations made in the model cyclization reactions may not apply 

in general. The intrinsic viscosities of the PBO's were lower than 

the inherent viscosities of the precursor poly(hydroxy amide)s in 

nearly all cases. It is understood that inherent viscosity and 

intrinsic viscosity are not directly comparable, and that 

poly(hydroxy amide)s and polybenzoxazoles have different solvent- 

polymer interaction parameters. Nevertheless, the drop in viscosity 

suggests chain degradation could be occurring during the cyclization 

process. It is obvious that direct molecular weight measurements 

(GPC, light scattering or vapor phase osmometry) on the 

poly(hydroxy amide)s and polybenzoxazoles need to be conducted to 

validate or contradict the assumptions made herein. 

Preliminary GPC results (Figure 4.59) on a select number of THF 

soluble PBO's display a bimodal distribution and very broad 

molecular weight distributions (~10-20). Number average 

molecular weights (absolute) ranged from 3000-6000 g/mole , 

while <Mw>'s varied from 60,000-70,000 g/mole. This evidence 

suggests the formation of both high and low molecular weight 

species during the polymerization and may explain why films could 

be formed from such apparently low molecular weight materials (as 

indicated by intrinsic viscosities). Further studies need to be 

conducted to elucidate the mechanism responsible for the formation 

of low molecular weight species during the polymerization. 
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Solubility differences between the 3FAP and 6FAP polymers 

were noted and in general, the 3FAP polybenzoxazoles were more 

soluble than the 6FAP PBO's (Table 4.15). However, variation in 

molecular weight between the two series of polymers may also be 

influencing solubility. Polybenzoxazoles synthesized from 

nonfluorinated, rigid aminophenols (DHB) exhibited a much higher 

Table 4.15. Solubility characteristics of various fluorinated 

polybenzoxazoles at room temperature (10% Solids (w/v)). 

  

  

Polymer Solvent 

Composition CHCl3_ THE NMP o0-DCB_m-Cresol 

6FAP-ODBC S S S S S 

3F-ODBC SS S S S S 

6FAP-3FAC S S S S S 

3FAP-3FAC S S S S S 

6FAP-IC SS | | Ss S 

3FAP-IC SS | Ss S S 

6FAP-TC SS | | | S 

SFAP-TC SS | | S S 

6FAP-6FAC SS | S | S 

3FAP-6FAC S) S S S S 

DHB-6FAC | | | | S 

DHB-3FAC ss | S Ss S 
S - Soluble, | - Insoluble, SS - Slightly Soluble 
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level of solvent resistance and in general were only soluble in hot 

CHP and m-cresol. The poly(hydroxy amide)s on the other hand 

showed no real differences in their solubilities. 

Preliminary stress-strain results (Table 4.16) from a limited 

number of polybenzoxazoles indicate mechanical properties are 

similar to polyimide type materials [1] and compare favorably with 

quoted literature values for similar polybenzoxazoles [7]. In 

general, tensile moduli ranged from 2.3 GPa to 4.2 GPa, tensile 

strengths ranged from 107 MPa to 158 MPa and percent elongation to 

break varied from 5-9%. While these data are limited, the general 

trend is incorporation of bulky groups into the polymer backbone 

results in elevated moduli, decreased tensile strength and reduced 

elongations to break. 

Observations made during the synthesis and film casting 

procedures suggest the presence of order in some of the fluorinated 

systems. For example, clouding of the reaction mixtures during 

cyclization of the terephthaloyl and isophthaloy! based systems and 

preferential solubility in various solvents for certain polymer 

systems may point to some type of ordering. These observations 

may only be the inability of certain solvents to solvate the 

polybenzoxazoles, but evidence supporting crystallinity has been 

generated for some of these systems. Optical micrographs of the 

6FAP-TC and 6FAP-IC polybenzoxazole films, cast from CHCl3 and 

o-dichlorobenzene, respectively, indicate the presence of 

crystallinity in both systems. The spherulitic texture of the 6FAP- 
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TC PBO could only be obtained by casting films from chloroform. 

Attempts to anneal in crystallinity were unsuccessful. While 

Table 4.16. Thin film tensile properties of various fluorinated 

polybenzoxazoles.4 

  

Tensile Tensile Percent 

[n]> Modulus Strength Elong. 

_Polymer __(di/g) (GPa) (MPa) to Break 

6FAP-3FAC 0.48 4.2 (0.4) 149 (10) 7.(1) 

6FAP-ODBC 1.08¢ 2.3 (0.3) 116 (8) 9 (1) 

3FAP-6FAC 0.26 3.2 (0.2) 107 (4) 5 (1) 

3FAP-ODBC 0.29 3.0 (0.3) 114 (5) 8 (1) 

DHB-3EAC. 0.45 3.6 (0.1) 158 (2) 9 (41) 
  

aMeasurements made on thin films (1-5 mils) cast from CHClg3 or o- 
dichlorobenzene and reported values are an average of at least 4 

test specimens (strain rate = 0.5 in/min, 23°C.). Standard 
deviation in parentheses. 

bMeasured in NMP at 25°C 
CMeasured in m-cresol at 25°C 

optical microscopy clearly identifies crystallinity, WAXS analysis 

indicates only low levels of crystallinity (~5%). No further 

attempts were made to analyze the 6FAP-IC polybenzoxazole. It 

should be pointed that hazing of polymer films and crystallization 

only occurs when the polymers are cast from chloroform or 

dichlorobenzene. While crystallinity is being observed in these 

particular systems, one should be careful to extend the notion of 

crystallinity over the entire molecular weight range. It is a well 
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Figure 4.60. Optical micrographs of 6FAP-TC at 420°C (upper, 17 

mm = 50 um) and 6FAP-IC at 23°C (lower, 53 mm = 50 um) 

polybenzoxazoles. Polymers were cast from chloroform and o- 

dichlorobenzene, respectively and observed with crossed polars. 
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known fact that lower molecular weight polymers have a greater 

propensity to order. 

In summary, a number of novel fluorinated polymers have been 

generated using a “two-step” polymerization/cyclization technique. 

Based upon model studies carried out on 6FAP-ODBC PBO's, optimum 

cyclization conditions were achieved when 10% p-toluenesulfonic 

acid was used as the catalyst in CHP at 195°C for 4 hours. 

Unfortunately, the use of these cyclization conditions on a variety 

of fluorinated poly(hydroxy amide)s resulted in poor results. 

Nevertheless, numerous novel fluorine containing poly(hydroxy 

amide)s and polybenzoxazoles have been synthesized and 

characterized with respect to solution, thermal and mechanical 

properties. Spectroscopic evidence indicates the formation of PHA's 

and polybenzoxazoles as well as complete cyclization of the oxazole 

ring system. Glass transition temperatures ranged between 280 and 

370°C. Polybenzoxazoles with analogous structure, except for the 

nature of the fluorinated linkage, exhibited similar Tg's with few 

exceptions. Dynamic thermo-oxidative stability proved to be quite 

good, with the onset of weight loss typically around 480-490°C. In 

general polybenzoxazoles containing the 3F linkage displayed 

enhanced solubility relative to their 6F counterparts, mechanical 

properties were on par with similar thermoplastic polymers and 

some degree of crystallinity was observed in certain systems. 
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4.10. Polymers Based on 4,6-Diaminoresorcinol 

Research was undertaken to incorporate as much aromaticity 

into a polymer backbone as possible, while simultaneously 

maintaining processibility in an effort to synthesize processible 

polybenzoxazoles which exhibit outstanding thermo-oxidative 

Stability and very high glass transition temperatures. To 

accomplish this goal, 4,6-diaminoresorcinol (provided by Dow 

Chemical Company) was selected as the bis(o-aminophenol) and 1,1- 

bis(4-chlorocarbonyl-phenyl)-1-phenyl-2,2,2-trifluoroethane 

(SFAC) or bis(4-chloro-carbonylphenyl)phenylphosphine oxide 

(PPOAc) were chosen as the acid chlorides (Figure 4.61). The 

impetus for using these monomers came from analogous polyimide 

work where incorporation of related monomers into the polyimide 

backbone enhanced solubility and pushed Tg's well over the 400°C 

mark [207]. Therefore similar results were expected in the case of 

polybenzoxazoles. 

Major drawbacks associated with using these monomers include 

the oxidative instability of diaminoresorcinol and the fact that both 

acid chlorides have to be synthesized. The oxidative instability of 

diaminoresorcinol can be circumvented through the use of its 

dihydrochloride salt. Preliminary efforts to generate 

polybenzoxazoles took advantage of the dihydrochloride salt in a low 

temperature, base-catalyzed amidation reaction. Unfortunately, 

incomplete dehydrochlorination and amidation resulted in low 
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molecular weight powders and excessive quantities of triethylamine 

hydrochloride. Due to these discouraging results, the reaction 

conditions were modified to allow for the use of N,N',O,O'- 

tetrakis(trimethylsily!)diaminoresorcinol (SDAR), a less stable 

protected diaminoresorcinol, but a more reactive monomer. 

Synthesis of SDAR involved a base catalyzed silylation reaction 

where both amines and hydroxyls were substituted with 

trimethylsilyl groups (Figure 4.62). Monomer grade material could 

be achieved via repeated vacuum distillations. The acid chloride 

syntheses have been discussed previously and will not be elaborated 

on. 

The synthetic methodology employed to polymerize the silyl 

protected diaminoresorcinol utilizes a low temperature 

condensation reaction between silylamines and acid chlorides, 

(CH,),SiO OSi(CH;)3 

(CH3)3SiHN NHSi(CH3)3 

Silylated DAR 
(SDAR) 

CF; 
cioc{ )-t-{ coc cioc{ ) 

aU 
PPOAc 3FAC 

7 COclI 

Figure 4.61. Monomers and acronyms for high performance polymers. 
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HO OH 

mA HCIH,N NH, HCI 

THF, TEA 
(CH)3SiCI 

25°C for 2 hrs 

Reflux for 8 hrs 

Filter off Salt   
moe 

TMSHN NHTMS 

60% Yield After Ist Distillation 
b. p. = 115-120°C (0.5 torr) 

Figure 4.62. Synthesis of N,N',O,O'-tetrakis(trimethylsilyl)- 

diaminoresorcinol. 

287



followed by high temperature, azeotropic cyclodehydration (Figure 

4.63). A calculated amount of silylated DAR was dissolved in NMP, 

the temperature lowered to -15°C and the acid chloride added as a 

solid. Total percent solids was 20% (w/v). After complete 

dissolution of the acid chloride, the temperature was increased to 

0°C and maintained for 6 hours. An increase in solution viscosity 

was noticed immediately. After an additional 6 hours at room 

temperature, the product was precipitated into MeOH, filtered, 

washed with MeOH/H20 and dried at 120° for 12 hours. 

Cyclodehydration of the poly(hydroxy amide) was accomplished 

using an NMP/o-dichlorobenzene azeotrope mixture (80/20) and 2 

moles of pyridine hydrochloride as catalyst. Three hours at 175°C 

resulted in a fully cyclized PBO as determined by FT-IR. Table 4.17 

summarizes the reaction conditions attempted in an effort to 

synthesize high molecular weight polymers. 

Table 4.17 alludes to the fact that polymerization mixtures 

instantly gelled when SDAR was treated with a solid form of PPOAc, 

but gave high polymer when treated with solid 3FAC. Two 

explanations for this phenomena are possible; 1) PPOAc generates 

poly(hydroxy amide)s of such high molecular weight that they appear 

to gel or 2) some sort of side reaction is taking place. In light of 

the limited success in achieving high molecular weight polymers, 

explanation 1 would be difficult to rationalize. Explanation 2 is 

more consistent with experimental observations considering the 

difficulty encountered during the chlorination of bis(4-carboxy- 
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(CH3)3SiO OSi(CH3)3 CF, 
ol + coc 1 )—co 

(CH;)3SiHN NHSi(CH3)3 o | 
  

NMP 
0°C for 6 hr 
25°C for 6 hr 

  

NMP/DCB 
PyridineeHydrochloride 
at 175°C for 3 hrs 

ee OOF: 

Figure 4.63. Polymerization and cyclization of DAR-3FAC 

poly(hydroxy amide). Polymerization conducted in NMP, 20% solids. 

289



phenyl)phenylphosphine oxide. Nevertheless, formation of high 

molecular weight polymer using SDAR as the bis(o-amino-phenol) 

Table 4.17. Summary of SDAR polymerization conditions. 

(20% Solids) 

Monomers Conditions Results 
PPOAc/DAR-:2HCI AC4 added as NMP solution 

TEA used as base (4 moles) Fine 

Powder 

at 10°C, then 12 hrs at 25°C 

PPOAc/SDAR Add AC as a solid at -15°C, Gel 

6 hrs at 0°C and 6 hrs at 25°C 

PPOAc/SDAR Add AC as a solid at -30°C, Gel 

6 hrs at 0°C and 6 hrs at 25°C 

PPOAc/SDAR Add AC as a soln in NMP Insoluble 

at 10°C, 12 hrs at 25°C PHA 

3FAC/SDAR Add AC as a solid at -15°C, High M.W. 

6 hrs at 0°C and 6 hrs at 25°C Polymer 

AC - Acid Chloride 

is possible as demonstrated by the formation of high molecular 

weight DAR-3FAC PBO. 

Characterization of the polymer consisted of dilute solution 

viscometry on both the poly(hydroxy amide) and the polybenzoxazole, 
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DMA on thermally and solution cyclized materials, 1H NMR, FTIR 

spectroscopy and dynamic as well as isothermal thermogravimetric 

analysis. Evidence supporting the attainment of high molecular 

weight polymer can be found in the 1H NMR spectrum of the 

poly(hydroxy amide) (Figure 4.50), as well as the PHA's [n]25°° of 

1.00 di/g (NMP) and the PBO's [n]25°C of 0.74 di/g (m-cresol). Films 

formed by casting NMP solutions of the poly(hydroxy amide), 

followed by thermal cyclodehydration, were noticeably more brittle 

than films formed from casting m-cresol solutions of cyclized 

polybenzoxazoles. It is suggested that the increase in brittleness 

found in the thermally cyclized film is due to intermolecular 

crosslinks. It should also be mentioned that the thermally cyclized 

film showed more solvent resistance relative to its solution 

cyclized counterpart. Evidence to support complete ring closure can 

be found in Figure 4.64. The infrared spectrum indicates complete 

cyclization has occurred by the disappearance of the broad OH and 

amide bands (3000-3400 cm-1) and the carbonyl! stretch at 1650 

cm-1 and the appearance of a 1630 cm-1 oxazole stretch and 1056 

cm-1 oxazole vibration. 

Thermal analysis of these materials required the use of dynamic 

mechanical analysis due to the extremely high glass transition 

temperatures. Unfortunately, even with this technique, accurate 

determination of the Tg was impossible due to mechanical failure at 

higher temperatures. However, it certainly appears that the Tg of 

these materials are above 450°C, as evident by the lack of a 
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modulus drop on the modulus-temperature plot (Figure 4.65). It 

should be pointed out that the thermally cyclized polymer failed at 

430°C, while the solution cyclized specimens remained intact. 

Earlier it was suggested that high Tg materials might perform 

better under aggressive thermo-oxidative conditions, due to their 

high aromatic character and their ability to impede the permeation 

of oxygen into the bulk. Results obtained on this material under 

dynamic as well as isothermal conditions indicate no significant 

' increase in thermo-oxidative stability. Five percent weight loss in 

air (10°C/minute) was measured at 527°C (similar to previously 

mentioned fluorinated PBO's) and films isothermally aged at 371°C 

for 24 hours in an air atmosphere exhibited an 8% decrease in mass 

after 24 hours and a 33% mass loss after 50 hours. 

In conclusion, polybenzoxazoles containing high aromatic 

character and select solubilities have been generated and much like 

similar polyimide materials, possess extremely high glass 

transition temperatures. Synthesis of these materials required an 

alternate polymerization methodology, but cyclization followed 

previously mentioned procedures. While the goal of solubility and 

high Tg's was achieved, superior thermo-oxidative resistance was 

not realized in these initial studies. 
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4.11. Phenylethynyl Terminated Polybenzoxazoles 

Previous sections have discussed the utility of fluorine 

containing monomers in the synthesis of processible, thermo- 

oxidatively stable polybenzoxazoles. In addition, a novel "two-step" 

polymerization technique has been introduced which results in 

processible polybenzoxazoles with Tg's ranging from 280°C to 

370°C. To demonstrate further the utility of this synthetic 

procedure, this section will focus on the generation of controlled 

molecular weight polybenzoxazoles which can be solution cast from 

common solvents and subsequently crosslinked into solvent 

resistant, infusible materials. 

A phenylethynyl endcapper was chosen as the crosslinking 

species, to achieve these objectives. Due to the relatively low cure 

temperature of acetylene terminated polyimides [244], the phenyl 

substituted acetylene moiety was selected. Previous investigations 

conducted on arylene ether [245], polyimide [246], polyquinoxaline 

[247] and polyamide [248] oligomers supporting internal, terminal or 

pendent phenylethynyl groups indicated an enhancement of the 

processing window relative to unsubstituted acetylenes. Cure 

temperature maximums from calorimetry data ranged from the 

upper 300’s to greater than 400°C. To incorporate the crosslinking 

functionality, 4-phenylethynylbenzoyl chloride was employed. Using 

judicious amounts of this acid chloride and solution cyclization 

techniques, phenylethyn! terminated polybenzoxazoles of various 

295



molecular weights were synthesized. The remainder of this section 

will discuss the synthetic methodology utilized to prepare these 

polymers, spectroscopic data substantiating the syntheses as well 

as thermal and mechanical data demonstrating network formation. 

The phenylethynyl endcapper was synthesized according to the 

method of Stephens, Castro and Villemin, using palladium coupling 

chemistry [199,221]. The particular steps involved in the synthesis 

are shown in Figure 4.66. Synthesis, purification and character- 

ization of the product, as well as each intermediate, have been 

discussed in Section 3.2.1. 

Polybenzoxazoles containing phenylethynyl functionality and 

possessing molecular weights ranging between 6,300 to 13,900 

g/mole (as determined by 1H NMR) were generated using the 

previously outlined "two-step" polymerization procedure (Figure 

4.67). 2,2-Bis(3-amino-4-hydroxyphenyl)hexafluoropropane (6FAP) 

was dissolved in NMP, allowed to react with the monofunctional 

endcapper at room temperature and then with ODBC at 5°C. The 

resulting clear viscous solutions were precipitated and the 

resulting poly(hydroxy amide)s purified via reprecipitation from 

THF. Extensive washings with water, as well as reprecipitation 

from THF were carried out to insure complete removal of the 

pyridine hydrochloride prior to cyclization. It was previously 

demonstrated that residual pyridine hydrochloride can catalyze the 

oxazole cyclization reaction and under the right conditions, promote 

cleavage of the polymer chains. 
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Conversion of the poly(hydroxy amide)s to polybenzoxazoles was 

accomplished by dissolving the purified poly(hydroxy amide) in a 

carefully dehydrated solvent/catalyst system (NMP/toluene/p- 

toluenesulfonic acid) and then subjecting the system to azeotropic 

distillation (~165°C) for 12-14 hours. A noticeable increase in 

viscosity was observed in all cases after approximately 3 hours. 

After the reactions had gone to completion, the viscous solutions 

were precipitated into methanol, the solid redissolved in THF, 

filtered and reprecipitated into methanol. Polymer yields for both 

{poo H MeOH, 4 I CO,CH —_—_—_————— 2 H,SO, 2 its 

Phenylacetylene, TEA 
PdCl,(PPh,;),, Cul 

PPh,;, A 

  

MeOH, H,0, A 

Hoc )—cac{" ) NaOH nscoc-€)—cac{_) 

SOCI,, A 
2 drops DMF 

Figure 4.66. Synthesis of 4-(phenylethynyl)benzoyl chloride. 
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CF; 
HO oH + 

. one po 
NMP, Pyridine 
R.T. for 12 hours 

€ prec SO Ee OE 

OES eC pae() 

NMP, Toluene, 165°C 
p-Toluenesulfonic Acid 

PEATE BESTS DEM 
TN] CF; srr c-€ ) 

CF; 

Figure 4.67. Synthesis of controlled molecular weight 6FAP-ODBC 

poly(hydroxy amide)s and polybenzoxazoles. 
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steps are shown in Table 4.18. The low polybenzoxazole yields can 

be attributed to loss of material during the filtration process. 

Table 4.18. Yields of controlled molecular weight poly(hydroxy 

amide)s and polybenzoxazoles. 

  

Theoretical <Mp> PHA Percent PBO Percent 

(kg/mole) Yield Yield 

5.0 98% 80% 

10.0 99% 80% 

15.0 99% 90% 

Uncontrolled _ 99% 94% 
  

Spectroscopic evidence supporting complete oxazole formation, 

incorporation of acetylenic functionality and retention of 

functionality throughout the cyclization process can be found in 

Figures 4.68 and 4.69. Note that the poly(hydroxy amide)’s amide 

and hydroxyl resonances at 6=9.55 and 5=10.33 in Figure 4.68 have 

completely disappeared in Figure 4.69. Also note that in both 

Figures 4.68 and 4.69, no extraneous peaks are found in the aromatic 

regions and the prominent peaks can be easily assigned. Both of 

these facts indicate complete cyclization has occurred and no 

apparent side reactions are taking place. In addition, clearly 

defined endcapper signals, 5=7.45, 5=7.6 and 5=7.7, are present in 

Figure 4.68 and in Figure 4.69 (5=7.7). Retention of endcapper 

signals during the conversion of poly(hydroxy amide)s to poly- 
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Figure 4.68. 1H NMR spectra of controlled and uncontrolled 

molecular weight 6FAP-ODBC poly(hydroxy amide)s. 
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Figure 4.69. 1H NMR spectra of controlled and uncontrolled 

molecular weight of 6FAP-ODBC polybenzoxazoles. 
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benzoxazoles indicates acetylenic functionality is not being altered 

during the cyclization process. 

Verification of molecular weight control was also accomplished 

using 1H NMR spectroscopy in addition to intrinsic viscosity 

measurements. Since the phenylethynyl resonances are clearly 

separated from the backbone resonances, an approximation of 

molecular weight was possible by ratioing the integrations of the 

backbone signals and endgroup signals multiplying by the molecular 

weight of the repeat unit (equation 1). 

Integration of RU Proton 

# of RU Protons 

Integration of EG Protons 

# of EG Protons 

  

<M,> = 

X MW of RU + (2 X MW of E.G.), 

Equation 1 

where RU is the repeat unit, EG is the endgroup and MW represents 

molecular weight, whether it is the repeat unit molecular weight or 

endgroup molecular weight. In the case of the poly(hydroxy amide)s, 

the repeat unit signals at 5=7.0 and 5=7.2 ppm and the phenylethyny| 

signals at 5=7.4 and 5=7.55 ppm were used to determine molecular 

weight and in the case of the polybenzoxazoles, the repeat unit 

signal at 5=7.9 ppm and the endgroup signal at 5=7.69 ppm were used. 
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The assumption of 2 endgroups per polymer chain and 100% 

conversion of all functional groups has been made. Results of these 

calculations, as well as the intrinsic viscosity measurements are 

summarized in Table 4.19. Note that the experimental molecular 

weights match quite well with the theoretical molecular weights 

Table 4.19. Molecular weight and intrinsic viscosity data for 6FAP- 

ODBC poly(hydroxy amide)s and polybenzoxazoles. 

  

Theoreticala Calc. PHA@ Calc. PBO@a PHAD - pBob 
<Mn> <Mn> <Mn> [n] InL 

5.0 5.8 6.3 0.29 0.39 

10.0 11.2 10.2 0.63 0.77 

15.0 17.4 14.0 --- 0.93 

Uncontrolled --- --- 1.17 1.52¢ 
  

a<Mn> reported in kg/mole 

Dintrinsic viscosity ran in THF at 25°C 
CPBO was insoluble in THF, so [n] was ran in CHCI3 at 25°C 

and the intrinsic viscosities increase with an increase in molecular 

weight. The increase in intrinsic viscosity during the 

transformation from poly(hydroxy amide)s to polybenzoxazoles can 

be explained as an enhancement in chain rigidity due to the loss of 

rotational degrees of freedom upon oxazole formation. It is of 

course realized that PHA's and PBO's have different solubility 

parameters and that this phenomenon will have an effect on the 
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hydrodynamic volume of polymer chains in solution. Nevertheless, a 

rise in intrinsic viscosity during cyclization can only be interpreted 

as a desirable result and it suggests molecular weight was 

maintained during the cyclization process. From these results it 

can be concluded that molecular weight control has been achieved 

and phenylethynyl functionality has been incorporated into the 

polymers. 

Films of the polymers were prepared by dissolving the various 

~ molecular weight polymers in chloroform at 10-20% solids (w/v) 

and spreading the solutions on glass plates with a doctors blade. 

After evaporation of the solvent at room temperature, the films 

were dried in a vacuum oven at 100°C for 1 hour, 180°C for 1 hour 

and finally 250°C for 1 hour. The resulting films were flexible, 

clear and ranged from water white to gold in color. The 10K 

polymer exhibited a slight amount of haze. Coloration appeared to 

increase as the number of phenylethynyl endgroups increased. Half 

the films were subjected to a post-cure at 350°C for 1 hour in a 

conventional forced air oven equipped with N2 purge. The cured 

films showed little if any loss of clarity and retained their 

flexibility. 

To ascertain the effect of molecular weight on glass transition 

temperatures, DSC was performed on the samples before and after a 

350°C cure. Results of these analyses are detailed in Tables 4.20 

and 4.21. Table 4.20 summarizes the thermal characteristics of the 
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uncured PBO films, while Table 4.21 provides the thermal properties 

of films cured for 1 hour at 350°C. The columns entitled "Uncured 

Table 4.20 Thermal transition data for uncured polybenzoxazoles 

  

Uncured Cured AT Cure Tmax 

Polymer. Tg_(°C) Tg (°C) (°C) (°C) 

5K PBO 255 318 63 400 

10K PBO 265 310 45 410 

15K PBO 284 315 31 399 

UNC PBO 311 ---- --- _---- 
  

Table 4.21 Thermal transition data for polybenzoxazoles cured at 

350°C for 1 hour. 

    

Uncured Cured AT 5% Wt. Loss 

Polymer Tg (°C) Tg (°C) (°C) (°C) 

5K PBO 255 302 47 530 

10K PBO 265 303 38 527 

15K PBO 284 305 21 527 

UNC _PBO 311 ---- --- 527. 
  

Tg's" represent the uncured Tg's and as expected, the Tg's increase 

with an increase in molecular weight; further evidence to support 

the claim of molecular weight control. The last three columns in 

Table 4.20 represent the glass transition temperature after 
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exposure to DSC ramp to 475°C (10°C/min), the difference in 

uncured and cured glass transition temperatures (AT) and the 

temperature of the maximum cure exotherm (Cure Tmax). Note that 

the cured Tg's have increased substantially from the uncured values 

and seemed to have plateaued around 315°C. Slight variations in 

final Tg's are expected due to differences in crosslink density as 

well as molecular weight between crosslinks. The change in glass 

transition temperature was greatest for the 5K PBO (63°C) and least 

for the 15K PBO (31°C), in agreement with theory. Figure 4.70 

illustrates representative DSC thermograms of a cured and uncured 

5K PBO sample. While the cure exotherm is relatively prominent for 

the 5K material, the 10K and 15K polymers exhibited rather broad 

and unpronounced exotherms. A consequence of this is great 

difficulty in assigning a maximum cure temperature for the higher 

molecular weight polymers. 

The last three column headings in Table 4.21 represent the Tg's 

after a 1 hour, 350°C cure, the difference between the uncured and 

cured glass transition temperatures (AT) and the 5% weight loss 

obtained by scanning at a rate of 10°C/min in air. In general, the 

same trends observed in Table 4.20 are observed in Table 4.21, 

evident from the low cured Tg's is the fact that a 350°C cure is 

inadequate to completely cure the films. However, as indicated in 

Table 4.20 and Figure 4.70, a post-cure of 475°C does raise the Tg's 

and completes the cure. Nevertheless, films exposed to a 350°C 
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cure were insoluble and exhibited little if any swelling in THF or 

CHCI3. It should also be pointed out that the Tg of the uncontrolled 

molecular weight PBO is approximately equal to that of the 

crosslinked polymers. This fact would suggest that the molecular 

weight of the uncontrolled PBO is very high. Further studies are 

currently under way to ascertain an accurate molecular weight for 

the uncontrolled PBO as well as verify the molecular weights of the 

controlled polymers. 

To determine the effect of molecular weight contro! on thermo- 

oxidative stability, thermal gravimetric analysis in air was. carried 

out on the cured samples (Table 4.21). As expected, no difference 

was noted between the controlled molecular weight samples and the 

uncontrolled molecular weight sample. In addition, all the polymers 

demonstrated excellent thermo-oxidative stability. The conclusion 

from these experiments is that the phenylethynyl terminated PBO's 

are as thermo-oxidatively stable as the unfunctionalized parent 

polymer, at least in the short-term, and no apparent instability has 

been introduced into the cured system by processing at 350°C. 

To ascertain the effect of molecular weight and crosslink 

density on mechanical properties, both the cured and uncured 

polymers were subjected to thin film stress-strain analysis. The 

results of these experiments are summarized in Table 4.22. In all 

cases, the tensile properties are comparable to literature values 

and an increase in moduli and tensile strengths are noticed in the 

cured systems relative to the uncured systems. An increase in 
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tensile modulus is expected due to the incorporation of crosslinks 

and the lowering of rotational conformations accessible to 

individual polymer chains. Notice that the tensile strengths, as 

well as percent elongation, increase with increasing molecular 

weight between crosslinks. In fact, the higher molecular weight 

samples, both cured and uncured, exhibited some yielding behavior 

when exposed to a load. 

Table 4.22. Thin film tensile properties of cured and uncured 

polybenzoxazoles.4 

Tensile Tensile Percent 

Modulus Strength Elongation 

Polymer P _ Dev. MP ._ Dev. Break 

5K Cured 4.8 (0.3) 202 (9) 9.(2) 

10K Cured 6.7 (0.3) 319 (5) 9 (2) 

15K Cured 7.7 (1.1) 353 (26) 16 (3) 

SK Uncured 3.7 (0.3) 154 (5) 7 (1) 

10K Uncured 5.3 (0.6) 241 (8) 13 (3) 

15K Uncured 4.1 (0.4) 154 (27) 13 (9) 

Uncontrolled 2.3 (0.3) 116 (8) 9 (1) 
  

aMeasurements made on thin films (1-5 mils) cast from CHClig and 
reported values are an average of at least 4 test specimens (strain 
rate = 0.05 in/min.). 

The effect of molecular weight on mechanical properties in the 

uncured systems follows the expected trend, that is, higher 
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molecular weight affords better mechanical properties. However, 

the mechanical properties of the uncontrolled molecular weight 

polymer were inferior to all the controlled molecular weight 

samples, cured or uncured. A possible explanation for this 

phenomena can be found by analyzing the GPC data and taking the 

film casting process into account. Gel permeation data (Figure 4.71) 

exhibits a bimodal distribution for the controlled molecular weight 

polymers, one peak showing up at high molecular weights and one at 

low molecular weights. The <Mnp> for the 5K material is 3550 g/mol, 

while the <Myw> is 61,300 g/mol. Mechanical properties are directly 

related to the weight average molecular weight; therefore even 

though the 5K sample exhibits a <Mnp> of only 3550, its mechanical 

properties are behaving like a high molecular weight polymer . 

Furthermore, during the film casting process the films are exposed 

to 250°C for 1 hour and undoubtedly some reaction takes place. This 

may result in some chain extension and/or branching which would 

enhance mechanical properties. Evidence for this phenomena exists 

in the fact that after three film castings, the films are no longer 

soluble in chloroform. Another possible explanation for the lower 

mechanical properties of the uncontrolled polymer, is film 

thickness. The INSTRON computer program can only use film 

thicknesses rounded to the nearest mil, therefore larger errors are 

incorporated into films of 1 or 2 mils than films of 4 or 5 mils. The 

uncontrolled polymer was 5 mils, while the controlled polymers 

were typically around 1 or 2 mils. This differences in film thick- 
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ness may overestimate the mechanical properties of the controlled 

molecular weight polymers. 

In conclusion, phenylethynyl terminated polybenzoxazoles of 

various molecular weights have been generated via a "two-step" 

polycondensation, cyclization process. Endgroup functionality was 

maintained throughout the cyclization process as was molecular 

weight. Polymer formation as well as functionalization and 

molecular weight control was verified by spectroscopic, 

viscometric, thermal and mechanical analysis. Glass transition 

temperatures increased with molecular weight for uncured samples, 

while samples cured at 350°C and 475°C plateaued between 305°C 

and 315°C respectively. Mechanical properties were significantly 

enhanced with incorporation of crosslinks and a simultaneous 

increase in tensile moduli, strengths and percent elongation were 

noted with an increase in molecular weight for both cured and 

uncured systems. Chemical resistance in general was dramatically 

improved, apparently with little loss of ductility. 
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4.12. Nonfluorinated Homopolymers and 

Fluorinated Copolymers 

A number of nonfluorinated homopolymers and fluorinated 

copolymers were synthesized during the process of selecting 

monomers which would impart solubility or thermo-oxidative 

stability to polybenzoxazoles. In some cases, the polymers were 

synthesized simply to determine if monomer purity was adequate to 

obtain high molecular weight polymers, yet in others, copolymers 

were synthesized to ascertain the effect of monomer composition 

on crystallinity or solubility. Some of the polymers generated have 

been reported in the literature previously, but no attempt was made 

to cyclodehydrate the polymers via solution methods. Therefore the 

following section describes various homopolymers and copolymers 

with respect to solution, thermal and morphological properties. In 

all cases the polymers were synthesized according to the previously 

mentioned "two-step", one-pot technique where the poly(hydroxy 

amide)s were generated with a pyridine base in NMP and the 

cyclization process utilized a pyridine hydrochloride catalyst and an 

o-dichlorobenzene azeotrope solvent. 

A summary of the polymers is found in Table 4.23. Notice that in 

all cases, some percentage of the polymer or copolymer backbone is 

composed of 3,3'-dihydroxybenzidine and although its not shown, all 

the polybenzoxazoles precipitated from the reaction mixture during 
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cyclization. In the examples where combinations of isophthaloyl 

chloride and 1,1-bis(4-chlorocarbonylphenyl)-1-phenyl-2,2,2- 

trifluoroethane were employed, the cyclization mixture clouded 

with the addition of just 5% isophthaloyl chloride, but did not result 

in gross precipitation like the others. It is suspected that 

precipitation is being caused by crystallinity. Crystallinity was 

detected in the DHB-ODBC polybenzoxazole (Tm=442°C) after 

annealing 100°C above its Tg for an extended period of time (Figure 

4.72). Apparently DHB-ODBC or DHB-IC benzoxazole linkages 

crystallize quite readily and cause precipitation of the polymers. 

Attempts to keep these polymers in solution by adding flexible 

comonomers such 3FAC or 6FAP failed in all cases. Its interesting 

to note that the DHB-ODBC poly(hydroxy amide)s were soluble in NMP 

during the polycondensation reaction, but upon precipitation and 

drying, the fibrous polymers lost all solubility in NMP. Efforts to 

enhance the solubility of this poly(hydroxy amide) by controlling 

molecular weight to 10K also failed. 

Thermal properties of these polymers were very similar to 

previously mentioned polybenzoxazoles and followed the the normal 

trends, that being, an increase in glass transition temperature with 

an increase backbone rigidity. Thermo-oxidative stabilities, as 

judged by 5% weight loss (heating rate of 10°C/minute in air), were 

also similar to previous polymers, ranging from 496-543°C. 
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Chapter 5 

CONCLUSIONS 

The low temperature polymerization of bis(o-aminophenol)s 

with aromatic acid chlorides has been investigated in detail to 

determine the effect of reaction parameters on molecular weight. 

Results of these studies suggest that amine reactivity is more than 

adequate to acylate diacid chlorides under the reaction conditions 

employed. The fact that 2,2-bis(3-amino-4- 

hydroxy)hexafluoropropane (6FAP) can be polymerized to high 

molecular weights when an electron rich diacid chloride or 

dianhydride is employed provides further evidence to support this 

claim. Spectroscopic and other evidence suggests that molecular 

weight is limited by an ester side reaction. Immediate gelation in 

the case of either inadequate mixing or high concentrations of acid 
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chloride can be easily explained by an ester forming crosslinking 

reaction. Polymerizations carried out in the absence of base exhibit 

no gelling behavior, indicating that base is acting as a catalyst for 

the ester reaction. 

Reaction conditions necessary to achieve high molecular weight, 

fully cyclized, soluble polybenzoxazoles have been elucidated. A 

simple spectroscopic method has been developed to follow the 

cyclization process and determine percent conversion to 

_ polybenzoxazole. A variety of different catalyst systems were 

studied and results indicate p-toluenesulfonic acid monohydrate is 

the most effective catalyst and while combinations of pyridine 

hydrochloride and p-toluenesulfonic acid monohydrate or pyridine 

hydrochloride alone are highly desirable, they appear to induce 

hydrolysis and degrade molecular weight. Higher cyclization 

temperatures (180-200°C) not only enhanced the rate of cyclization, 

but also afforded polymers with substantially higher inherent 

viscosity values. Results indicate molecular weight is not being 

dramatically affected by cyclization under optimum conditions and 

the best results were obtained using 10% p-TSA at 190-195°C in 

CHP for 3 hours, as shown in Table 4.10. 

2,2-Bis(3-amino-4-hydroxyphenyl)propane (bAAP) was 

polymerized with various compositions of isophthaloyl and 

terephthaloyl chloride under base-catalyzed conditions and 

subsequently solution cyclized to afford a series of isomeric 

polybenzoxazoles. A semi-crystalline morphology was observed for 
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the 100% para linked system, but incorporation of small amounts of 

isomeric linkages resulted in amorphous materials with improved 

solubilities. Excellent solvent resistance was observed for all 

solvents tested, with the exception of m-cresol. High molecular 

weight poly(hydroxy amide)s were achieved, evident from the 

solution viscosities ([nJ25°C = 0.60-1.16 di/g (NMP)), and retention 

of molecular weight during cyclization is believed to have occurred. 

Incorporation of the aliphatic isopropylidene linkage lowered the 

thermo-oxidative stability of these materials by approximately 30°, 

relative to analogous fluorinated materials. Glass transition 

temperatures ranged from 267° to 313°C, increasing with higher 

terephthaloyl content. The ability to generate high molecular 

weight, fully cyclized polybenzoxazoles in the bAAP system 

demonstrated the viability of the synthetic method and allowed for 

extention to fluorinated systems. 

1,1-Bis(3-amino-4-hydroxyphenyl)-1-phenyl-2,2,2- 

trifluoroethane (3FAP), a novel bis(o-aminophenol), was synthesized 

by nitrating the requisite bisphenol in acetic acid at low 

temperatures, followed by aqueous, catalytic reduction of the 

dinitro precursor. Excellent yields were obtained throughout the 

synthetic procedure and recrystallization of 3FAP from 

ethanol/chloroform afforded monomer grade material. Incorporation 

of 3FAP, along with other fluorinated and nonfluorinated monomers, 

into polybenzoxazoles using the previously mentioned “two-step” 
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polymerization/cyclization technique resulted in a series of 

fluorinated polymers. 

The molecular structure of both the poly(hydroxy amide)s and 

polybenzoxazoles were verified by 1H NMR and FT-IR spectroscopy. 

In addition, FT-IR spectroscopic evidence indicated complete 

cyclization of the oxazole ring systems. Glass transition 

temperatures ranged from 280°C to greater than 430°C. Curiously, 

polybenzoxazoles with analogous structure, except for the nature of 

the fluorinated bridging group, exhibited similar Tg's with few 

exceptions. Dynamic thermo-oxidative stability proved to be quite 

good, with the onset of weight loss typically around 480-490°C and 

5% weight losses averaging ~520°C. In general, the 

polybenzoxazoles containing a trifluoro-linkage (3F) displayed 

enhanced solubility relative to their 6F counterparts, mechanical 

properties were on par with similar thermoplastic polymers and 

some degree of crystallinity was observed in certain systems 

(GFAP-TC and 6FAP-IC). 

Phenylethynyl terminated polybenzoxazoles of various molecular 

weights have been generated via the above mentioned 

polycondensation, cyclization process. Endgroup functionality was 

maintained throughout the cyclization process, as was molecular 

weight. Polymer formation, as well as functionalization and 

molecular weight control were monitored via spectroscopic, 

viscometric, thermal and mechanical analysis. Glass transition 

temperatures varied from 255-311°C for the uncured systems 
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(increasing with molecular weight), while samples cured at 350°C 

and 475°C plateaued between 305°C and 315°C, respectively. 

Mechanical properties were significantly enhanced with 

incorporation of crosslinks and a simultaneous increase in tensile 

moduli, strengths and percent elongation were noted with an 

increase in molecular weight for both cured and uncured systems. 

Chemical resistance in general was dramatically improved, 

apparently with little loss of ductility. 
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Chapter 6 

Future Work 

Results outlined in previous chapters demonstrated the 

difficulty in achieving high molecular weight polymer with bis(o- 

aminophenol)s containing electron-withdrawing connecting groups. 

Unfortunately, all these studies made use of bis(o-aminophenol)s 

possessing hydroxyl groups para to the linking groups. Synthesizing 

bis(o-aminophenol) monomers with amine groups para to the linking 

group and polymerizing them with the acid chlorides used herein 

would help to support or contradict the conclusions reached. 

The ability to synthesize controlled molecular weight 

polybenzoxazoles demonstrates the feasibility of the "two-step" 

polymerization method and the idea of azeotropically distilling the 
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water generated during cyclization. Due to the similarities of this 

synthetic technique to the polyimide polymerization, it is proposed 

that bis(o-aminophenol)s can be incorporated into polyimides at low 

concentrations to generate polyimides with pendent hydroxyl groups. 

These pendent hydroxy! groups can be further reacted with 

molecules susceptible to electrical poling, therefore generating a 

material for nonlinear optical applications. Studies could be 

initiated to demonstrate the influence of molecular weight, 

hydroxyl concentration, chromophore identity, chain rigidity and 

spacer length on nonlinear optical properties. 
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