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(ABSTRACT) 

Novel, 

poly<imide 

high molecular 

siloxane > and 

weight, randomly coupled, 

poly(amide imide siloxane> 

segmented copolymers were prepared and characterized. The 

copolymers were synthesized in two steps, the first 

involving the generation of soluble poly<amic acid) 

intermediates through reaction of various aromatic 

dianhydrides and aromatic diamines with a series of 

bis ( aminopropyl > polydimethylsiloxane oligomers. These 

difunctional siloxane oligorners were prepared through the 

anionic equilibration of octamethylcyclotetrasiloxane with 

bis(3-aminopropyl>tetramethyldisiloxane in the presence of a 

siloxanolate catalyst. The aromatic monomers and siloxane 

oligomers were quantitatively reacted in a cosolvent system. 

The poly< amic acid> intermediates were then 

cyclodehydrated employing two different thermal treatments 

to afford the imidized homo- and copolymers. The first 

imidization 

acid) films, 

Quantitative 

process, conducted on solution cast poly( amic 

employed stepwise heating cycles to 300°C. 

thermal imidization was also achieved in 



solution at temperatures in the 140 to 170°C range. This 

novel method of imidization used a coamide solvent system. 

Kinetic studies employing FTIR indicated that the 

imidization process could be described by first order 

kinetics. An activation energy of 26 kcal/mole (109 kj/mole) 

was derived. 

The homopolymers and siloxane modified copolymers were 

characterized as a function of chemical composition and 

imidization method. Polymer solubility and processability 

greatly improved upon siloxane oligomer incorporation and 

the use of the solution imidization procedure. Regardless of 

the method of imidi zation, all homo- and copolymers 

possessed excellent thermal, mechanical, and adhesive 

properties. These properties were found to be a function of 

siloxane content and siloxane oligomer molecular weight. 

In all segmented copolymer systems, a two-phase 

microstructure developed at relatively low block molecular 

weights. X-ray photoelectron spectroscopy CXPS> results 

indicated that the surface of copolymer films was largely 

dominated by siloxane. Because of this, the siloxane 

modified copolymers advantageously displayed lower water '\ 

uptake and much improved resistance to oxygen plasma 

degradation. XPS and SEM studies showed that the 

stabilization mechanism involved a siloxane to silicate 

transformation under an oxygen plasma environment. 
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I. INTRODUCTION 

An enormous amount of effort has been spent on the 

development of "high performance" thermoplastic and 

thermosetting engineering polymers to meet the ever-

increasing demand for functional and structural materials. 

Research on engineering polymers was initiated in the early 

1960's primarily to meet the demands specified by the 

advanced aircraft, weapon systems, and electronics 

industries. Scientists working in these areas soon realized 

that candidates for high temperature structural adhesives, 

matrix resins, foams,, coatings, and free standing moldings 

would have to maintain structural integrity through 

thousands of hours of continuous operation at 230°C, 

hundreds of hours at 300°C, minutes at 540°C, or seconds at 

temperatures as high as 760 °C [ 1] • In many applications, 

these materials would also be required to perform under 

static or cyclic loading cycles, under harsh atmospheric 

conditions, in the presence of particulate or 

electromagnetic radiation, and in the presence of highly 

aggressive organic solvents. Heat resistant materials were 

also needed to withstand high temperature processing 

conditions, such as soldering cycles in the electronics 

industry, even though the actual use temperature would be 

fairly low. 

Despite these stringent performance requirements, 
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several organic polymer systems were developed and 

successfully evaluated. Many of these earliest products, 

combining main chain aromatic and heteroatomic units, 

belonged to the family of heterocyclic polymers. Examples of 

these materials were the polybenzimidazoles [2], 

polybenzthiazoles [3], polyCphenylquinoxalines) [4], and 

aromatic polyimides [5]. These highly aromatic/heterocyclic 

systems were found to be very stable under various adverse 

conditions because their chemical structures took advantage 

of several important factors which contribute greatly to the 

thermooxidative stability of carbon-based systems. 

The earliest work on engineering polymers focused on 

the synthesis of materials with high heat resistance as 

measured primarily by thermogravimetric analysis. Little or 

no attention was devoted to the practical usefulness of 

these systems in terms of polymer processibility. This 

dilemma is extremely visible in the evolution of aromatic 

polyimides. The early aromatic polyimides were rigid 

materials synthesized from para substituted and highly 

symmetrical monomers. Indeed, extreme thermooxidative 

stability had been achieved with the advent of these 

systems. However, this goal had been accomplished at the 

expense of polymer processibili ty. It soon became apparent 

that polyimides would never be more than laboratory 

curiosities if they could not be molded or shaped to meet a 

designer's specifications. For this reason, much effort in 
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the past decade has been spent on synthesizing soluble and 

processable polyimides that maintain reasonably high 

strength and thermal stability. 

The multidisciplinary research reported in this 

dissertation is centered around the synthesis and 

characterization of ·soluble, processable homo- and 

copolyimides for use as structural matrix resins, structural 

adhesives, protective coatings, and free standing moldings. 

Soluble polyimides were synthesized from monomers differing 

in substitution patterns and containing various 

flexibilizing groups. Conventional and novel polyimide and 

polyCamide imide) systems were also modified through the 

incorporation of difunctional polyorganosiloxane oligomers 

to produce soluble and processable se9I!lented copolymer 

sys terns with excellent high temperature properties. 

Polysiloxanes display a unique combination of desirable 

qualities making them highly useful components in microphase 

separated copolymer systems. Finally, a new process which 

allows the synthesis of polyimides in highly soluble form is 

also disclosed. 

In the literature review that follows (chapter two), a 

more detailed discussion of the synthesis, characteristics, 

and applications of homo- and copolyimides is presented. 

Chapter two also provides a brief overview of 

polyorganosiloxanes and atomic oxygen degradation, two other 

areas of importance in this work. Chapter three discusses 

3 



the experimental methods, both synthetic and analytical, 

used in this research. A discussion of the experimental 

results is presented in chapter four, followed by 

conclusions, suggested future studies, and references. 
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II. LITERATURE REVIEW 

2.1 Considerations in the Molecular Design of Engineering 

Polymers 

When designing thermooxidatively stable polymers, the 

single most important factor which contributes to the 

overall performance of a material is primary chemical bond 

strength. The bond dissociation energy of a carbon to carbon 

single bond is -350 kj/mole while that of a carbon to carbon 

double bond is -610 kj/mole [6]. The resonance stabilization 

found in aromatic and heterocyclic systems increases the 

latter bond stability by a further 164 to 287 kj/mole. For 

example, the thermally labile nitrogen to nitrogen single 

bond exhibits good thermooxidative stability when it is part 

of a resonance stabilized heterocyclic system. Not 

surprizingly, most engineering polymers possess a high 

degree of aromatic character. 

The mechanism of bond cleavage must also be considered 

along with the bond dissociation energies, however. For 

example, the primary bond strengths involving inorganic 

elements can also be quite high (Si-N, 437 kj/mole; Ti-0, 

672 kj/mole). However, these bonds are prone to attack by 

commonly encountered materials such as water and oxygen. 

Consequently, few useful polymeric engineering materials 

have been reported based solely on inorganic systems, 
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although important ceramic materials are well known. 

Other chemical factors will also contribute to the 

stability of a polymer. Secondary forces such as hydrogen 

bonding or Van der Waals interactions can contribute 25 to 

41 kj/mole towards the thermal stability of a system. These 

interactions also influence other polymer properties such as 

the glass transition temperature, melting point, stiffness, 

solubility, and mechanical response. Thus, many proven "high 

performance" polymers contain polar connecting groups such 

as sulfone, carbonyl, or ether linkages that can participate 

in intermolecular association. 

Chemical· crosslinking also improves the apparent 

stability of a polymer system because more bonds must be 

broken in the same area to observe similar thermal 

degradation patterns 

properties. The major 

covalently crosslinking 

and reductions in mechanical 

disadvantage 

a polymer is 

C or advantage> of 

that the material 

becomes insoluble and infusible after such an operation. If 

the preservation of true thermoplastic behavior is of major 

importance, physical crosslinks generated by the formation 

or incorporation of semicrystalline or ionic regions will 

generally have similar, but thermally reversible, effects on 

polymer properties as their covalent counterparts. 

Several physical factors also contribute to the 

performance of a polymer. The molecular weight and molecular 

weight distribution influence overall mechanical and thermal 
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behavior. Higher molecular weight materials often display 

improved properties possibly due to more chain entanglements 

and the ability to accommodate more chain cleavage without 

significant 

molecular 

reductions in 

weight polymers 

mechanical properties. Low 

also exhibit lower glass 

transitions Cup to a certain molecular weight). 

Molecular symmetry or regularity of a polymer system 

refers to the conf igurational order or the way in which the 

various moieties are assembled to form the polymer repeat 

units. This factor also has a profound influence on polymer 

properties. Isomerically pure aromatic-heterocyclic polymer 

chains which are highly para substituted tend to be the 

strongest in terms of mechanical testing and tend to possess 

the highest thermal stabilities and glass transition 

temperatures. These rigid chains, however, tend to display 

low solubility and poor processability characteristics. This 

factor contributes heavily to the performance vs. 

practicality dilemma continually encountered by researchers 

in the field of engineering polymers. 

2.2 Synthesis of Polyimides 

2.2.1 Melt Polymerization 

The imide moiety is a five membered heterocyclic ring 

system comprised of carbon, nitrogen, and oxygen (Scheme 1). 
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Early polyimide synthesis [ 7] involved the reaction of an 

aromatic tetracarboxylic acid such as pyromelli tic acid or 

its half-ester and a diamine <usually aliphatic> to 

initially form a salt. Subsequent heating at 250 - 300 °C 

then drove the reaction to completion with substantial 

evolution of condensation volatiles to form the polyimide. 

Scheme 2 illustrates the overall reaction process. This 

method was limited to polyimides with glass transition 

temperatures or melting points sufficiently low that they 

remained molten under the polymerization conditions. When 

aromatic diamines were employed, the oligomeric salts were 

generally intractable and high molecular weight polyimide 

was not obtained. 

Further refinement of the salt method [ 8] involved 

polymerization to a low molecular weight polyimide by mild· 

heating of the salt at 135-155°C. The low molecular weight 

polymer in powder form was then further heated to within a 

few degrees of its melting point resulting in high molecular 

weight polymer. This second heating stage was conducted in a 

hot press at temperatures often greater than 300°C. Under 
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Scheme 2 

Polyimide Synthesis via the Melt Polymerization Process [7] 
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these conditions, both chain extension and molding were 

achieved. The upper polymerization temperatures depended 

largely on polymer structure. Because of this, a large trial 

and error period was required to optimize polymerization 

conditions for each polyimide investigated. 

2.2.2 Two-Step Synthesis (Classical polyimide Chemistry) 

2.2.2.1 Synthesis of High Molecular Weight PolyCamic acids) 

A general two-step method for the preparation of 

aromatic and aliphatic polyimides was disclosed in the mid 

19 60' s [ 9, 10] . This method remains the synthetic route of 

choice for polyimide production today. This highly versatile 

method, shown in Scheme 3, involves the gen_eration of a 

soluble precursor, a polyCamic acid), which is subsequently 

converted to the polyimide through thermal or chemical 

dehydration. The polyCamic acid) is conveniently prepared at 

ambient temperatures in polar solvents through the reaction 

of a dianhydride and a diamine. 

Using this synthetic procedure, a very large number of 

dianhydrides and diamines have been reacted to prepare 

polyimides [12]. Some of these are listed in Tables 1 and 2. 

Of the dianhydrides, pyromellitic dianhydride CPMDA) has 

been traditionally the most important, however 3,3' ,4,4'-

benzophenonetetracarboxylic dianhydride CBTDA) has become 

increasingly important in recent years. Oxydianiline is by 

far the most significant of the diamines. 
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Scheme 3 

Polyirnide Synthesis via Polycondensation of a Dianhydride 
and a Diarnine 
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Table 1 

Common Aromatic Dianhydrides for PolyCamic acid) Synthesis 

0 0 

¢~ 
0 0 

Ar Chemial Name 

0 0 

<:cQ 
0 0 Pyromellitic Dianhydride CPMDA) 

0 0 0 

~ ~~ 
0 0 

0 0 

Wet> 
0 0 

0 0 WO-er> 
0 0 

0 0 

W000°~" 0 s ~ 
0 

Biphenylene Dianhydride CBPDA) 

3,3'4,4'-Benzophenonetetra-
carboxylic Dianhydride CBTDA) 

4,4'-0xydiphthalic Anhydride 
COD PA) 

2,2-bis-( 3,4-dicarboxyphenyl) 
hexafluoro Dianhydride C6F) 

4,4'-bisC3,4-dicarboxyphenoxy> 
diphenylsulf ide Dianhydride 
CBDSDA) 
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Table 2 

Common Diamines for Poly(amic acid) Synthesis 

Ar 

-o-o-c-

-00-00-0-

~ 
CH3 CH3 
I I 

-(CH2)J-Si-O-Si-(CH2)3-
1 I 

CH3 CH3 

Chemical Name 

Phenylene Diamine CPDA) 

Oxydianiline CODA) 

Diaminobenzophenone CDABP) 

Methylenedianiline CMDA) 

Diaminodiphenylsulfone CODS) 

2,2'-bis(aminophenyl>propane (BAP) 

1,3 -bis(aminophenyl)benzene (APB) 

Ciba-Geigy XU-218 partially 
aliphatic diamine 

1,3 -bisCaminopropyl)tetramethyl-
disiloxane CDSX) 
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The choice of monomer combinations will ultimately 

determine the choice of polymerization solvent. Commonly 

employed solvents for polyCamic acid) synthesis are listed 

in Table 3. Many of these are dipolar aprotic solvents and 

are capable of solvating several diamine-dianhydride 

combinations. However, ether solvents such as diglyme have 

become increasingly important. St. Clair and Progar [131 

recently conducted adhesive studies using various polyCamic 

acid) solutions and they have concluded that the 

polymerization solvent plays an important role in the 

bonding of structures. Ether solvents such as diglyme were 

reported to be superior in preparing high strength adhesive 

bonds from polyCamic acid) solutions because the solvents 

adequately wet the adherends, showed good volatility, and 

were nonreactive at the elevated temperatures needed for 

bonding a particular system. 

In another study, it was shown that higher molecular 

weight poly Camic acid) could be obtained if polymerization 

was conducted in certain ether solvents [ 14]. Two linear 

polyimides were prepared in various ether and amide 

solvents. The polymers made in the ether solvents 

consistently gave higher inherent viscosities, and thus 

higher molecular weights, than the same polymers made in the 

amide solvents. This molecular weight buildup was attributed 

to the unique solvation mechanism of the ether solvents 

which enhances the basicity of the amines via hydrogen 
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Table 3 

Common Solvents for PolyCamic acid) Synthesis [12] 

Conventional 

Dimethylacetamide 

N-methylpyrrolidone 

Dimethylf ormamide 

Dimethylsulfoxide 

Hexamethylphosphoramide 

Ethers 

Dioxane 

Tetrahydrofuran 

Diglyme 

Triglyme 
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bonding (Scheme 4>. Since no attempt was made to purify and 

dry the solvents prior to polymerization, the molecular 

weight enhancement could be explained in terms of a greater 

concentration of detrimental impurities in the amide 

solvents. 

As with most polycondensation reactions, the success 

of the overall process is highly dependent upon the reaction 

conditions employed. The synthesis of high molecular weight 

polyCamic acid) is dependent upon the use of extremely pure 

monomers (greater than 99 percent pure>, rigorous exclusion 

of moisture, choice of solvent, and maintenance of low to 

moderate reaction temperatures [ 15, 16]. Temperatures below 

50 °C are preferred. Above this temperature three possible 

side reactions may occur which would. limit molecular weight 

[ 15]: Ca} partial conversion to polyimide, releasing water 

which would hydrolyze the polyCamic acid}; Cb} possible 

transamidation with the reaction solvent; and Cc} extensive 

conversion to polyimide above 100 °C which, in addition to 

hydrolysis, could result in premature precipitation of low 

molecular weight polymer from the reaction medium. 

The chronological order in which the diamine and 

dianhydride are reacted has a small but significant effect 

on ·final molecular weight. PolyCamic acid} formation is 

usually carried out by the addition of powdered dianhydride 

to a rapidly stirring solution of the diamine at room 

temperature [ 18] . This mode of addition has been shown to 
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Scheme 4 

Ether Solvent Interaction with 3,3'-diaminodiphenyl-
sulfone [171 
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yield polyCamic acids) of higher molecular weights when 

compared to the reverse addition process. This finding has 

been explained by two reasons: Cl) the moisture sensitive 

dianhydride will react with residual water in solution 

before the diamine is added, thus 1:1 stoichiometry is 

upset, resulting in lower molecular weight polymer and; (2) 

partial complexation of the dianhydride with the solvent. 

2.2.2.2 Molecular Weight Controlled PolyCamic acid) 

In the synthesis of polyCamic acids), molecular weight 

can be theoretically controlled by one of two methods: ( 1 > 

by adjusting the concentrations of the diamine and 

di anhydride so that the two monomers are slightly 

nonstoichiometric or; (2) by the addition of a precalculated 

amount of a monofunctional monomer [19]. For the first 

method of molecular weight control, the use of excess 

diamine will theoretically yield polyCamic acid> with amine 

end groups. If the second method is employed, the 

monofunctional monomer controls and limits the 

polymerization of bifunctional monomers because its reaction 

with the monomer or growing polymer yields chain ends devoid 

of a functional group Cor yields chain ends carrying 

functional groups which 

polymerization conditions> 

further reaction. 

are inactive under the 

and therefore incapable of 

Both molecular weight control methods have been 
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quantitatively described by the Carothers equation [20]. 

Through this popular equation, derived from classical step 

growth statistics, parameters such as reactant quantities, 

stoichiometric imbalances, average functionalities, and 

final polymer molecular weights are quantitatively related. 

The necessary reactant quantities to synthesize a polymer of 

prechosen molecular weight may easily be obtained through 

the use of this equation. 

Recently, a series of polyCamic acid) polymers with 

varying molecular weights was prepared by Volksen and Cotts 

[ 21] through the polycondensation of pyromellitic 

dianhydride and oxydianiline in N-methylpyrrolidone. The 

poly Camic acid) solutions, between 10 - 20 weight percent 

to~al solids content, were prepared under highly controlled 

conditions. Theoretical molecular weights, calculated from 

the monomer stoichiometric imbalances according to classical 

step growth statistics, were compared to the actual 

molecular weights obtained through light scattering. 

Tables 4 and 5 allow the comparison of the calculated 

and experimentally obtained molecular weights as a function 

of solids content and addition mode. Table 4 indicates good 

agreement between theoretical and experimental for 

polymerizations carried out at total solids contents of less 

than 10 weight percent. The results were also not affected 

by the monomer addition sequence. At typical solids contents 

of 20 weight percent however, Table 5, noticeable deviations 
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Table 4 

Molecular Weight Data of PolyCamic acids) for PMDA/ODA 
Polyrnerizationsl at Less than 10 wt. % Total 

Solids Content (21] 

PM DA/ODA 

0.8182 

0.9259 

0.9804 

0.9921 

1.000 

% Solids 

9.27 

9.55 

9.31 

7.55 

3.28 

Mw C calc.) 

4,200 

11,000 

42,000 

115,000 

1 Solid PMDA added to ODA Solution 

Mw (exp.) 

4,500 

10,000 

37,000 

80,000 

250,000 
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Table 5 

Molecular Weight Data of PolyCamic acids) for PMDA/ODA 
Polymerizations at Greater than 10 wt. % Solids 

Content [21) 

PM DA/ODA % Solids Mw C calc.) Mw Cexp. > 

--------------------------------------------~---------------

Addition of Solid PMDA to ODA Solution 

0.8182 25.6 2,000 6,700 

0.9231 17.5 10,000 22,000 
ClO,OOO)a 

0.9725 18.6 30,000 43,000 
(29,000)b 

Addition of PMDA Solution to ODA Solution 

0.8182 20.0 2,000 

0.9259 20. 4 10,000 

0.9717 16.7 28,000 

a After aging at 0°C for 60 days 
b After aging at 25°C for 10 days 

2,400 

11,000 

26,000 
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from the theoretically calculated molecular weights were 

observed if the monomers were reacted in the conventional 

manner~ addition of solid dianhydr ide to diamine solution. 

Additionally, it was found that upon aging these poly Camic 

acid) solutions, after a period of time the molecular 

weights had reequilibrated to values consistent with the 

initial monomer stoichiometry, and were subsequently stable 

at these molecular weights. Also, experimental molecular 

weights obtained for 20 wt.% poly Camic acid) preparations 

made through the addition of homogenous monomer solutions 

were again in good agreement with those calculated from the 

stoichiometric imbalances as shown in Table 5. 

The authors concluded from these studies that the 

formation of higher than predicted molecular weights for the 

traditionally employed heterogeneous mode of monomer 

addition at commonly used solids contents may be linked to 

high local dianhydride concentrations. The possible tendency 

of PMDA to act as a strong charge-transfer complexing agent 

with the diamine in a l: l type complex could account for 

high molecular weight polymer formation in spite of a non-

equivalent stoichiometry. Also, the heterogeneous nature of 

the polymerization could be controlled by diffusion effects, 

creating a pseudo-interfacial polymerization with similar 

results on the overall weight average molecular weight. 

2.2.2.3 Properties of PolyCamic acids) 
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Poly Camic acids) are linear, flexible, highly soluble 

materials. Because polyCamic acids) are hydrolytically 

unstable, they are typically stored in their original 

reaction solutions to protect them from atmospheric 

moisture. Even with this precaution, poly Camic acids) have 

limited shelf-lives because their solution stability is 

sensitive to temperature, concentration, and moisture 

[12,22]. Concentrated solutions, more stable than dilute 

solutions, can be stored for long periods of time only at 

low temperatures (below 0°C) in the absence of moisture. 

Many researchers have studied various aspects of 

poly Camic acid) solution properties. Frost and Kesse [ 23] 

monitored the effect of intentionally added water on the 

viscosity of 10% polyCamic acid) solutions in DMAC at 35°C. 

The added water significantly lowered solution viscosities 

as compared to the anhydrous case. They concluded that the 

mechanism of poly ( amic acid) degradation was hydrolytic in 

nature. It was also noted, however, that degradation 

occurred in solutions maintained under strict anhydrous 

conditions. This was attributed to the fact that at 35°C 

small amounts of imidization were taking place in solution. 

In time, the water released from imidization was responsible 

for degrading a portion of the remaining amic acid linkages. 

Since solvents such as DMAC and NMP contain trace amounts of 

primary and secondary amines, a route exists for reduction 

in molecular weight through transamidation also [12]. 
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Dilute solution measurements to determine polyCamic 

acid) molecular weight have also been complicated by the 

trace amine impurities present in amide solvents. Cotts [24] 

performed dilute solution viscosity measurements on PMDA-ODA 

polyCamic acid) dissolved in NMP. Polyelectrolyte effects 

were observed in dilute solutions prepared in NMP as 

received (Figure 1). Apparently, impurities such as methyl 

amine are basic enough to react with carboxylic acid groups 

thus producing a partially charged molecule. In very dilute 

solution, the charges on different segments of the same 

molecules repel, greatly increasing the hydrodynamic size of 

the molecules, and thus their contribution to the viscosity. 

The addition of small amounts of Li Br C 0. 005N). to the NMP 

solution reduced this effect somewhat. Solvent distillation 

from the strongly oxidizing phosphorous pentoxide was highly 

effective in removing the amine impurities. Linear 

relationships were then easily obtained and a Mark-Houwink 

relationship of [n] = 0.058CMw)0.74 was derived. 

This relationship is in good agreement with results 

obtained by other authors working with modified solvent 

systems [25,26]. Wallach [25] employed O.lM LiBr/DMAC as the 

solvent for the first reported determination of polyCamic 

acid) molecular ·weight through the Mark-Houwink 

relationship. Typical number average molecular weights 

obtained from these studies ranged from 13,000 to 55,000 g/m 

and weight averages were 19,900 to 226,000 g/m. 
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Polyelectrolyte effects have also been observed in low angle 

light scattering studies of polyCamic acid) in dilute 

solutions of NMP and DMAC (27). 

The determination of poly ( arnic acid) molecular weight 

and molecular weight distribution via gel permeation 

chromatography (size exclusion chromatography) have been 

slow in development. PolyCarnic acid) stability, GPC analysis 

time, and polyelectrolyte effects have all hampered accurate 

molecular weight parameter determination. In 19 81, Nefedov 

[ 28] reported the successful GPC analysis of a poly ( arnic 

acid) derived from 3,3'4,4'-diphenyloxide tetracarboxylic 

acid dianhydride and p-phenylene diamine. "Macro-porous 

glasses" and Sephadex columns were employed with a mobile 

phase of 0.03M LiBr/0.03M H3po 4;1 vol.% THF in DMF. Nefedov 

noted that although LiBr suppressed polyelectrolyte effects, 

such addition reduced the solubility of the poly(arnic acid) 

under study. However, addition of phosphoric acid markedly 

improved the solubility of the polymer so that 

chromatographic separation was accomplished in the same way 

as electroneutral polymers. The time development of the 

chromatogram was nearly four hours however. Owing to the 

instability of polyCamic acids), especially in dilute 

solutions, 

undesirable. 

these long development times are most 

In 1985, Walker [29) reported on the use of a similar 

mixed mobile phase, 0.03M LiBr/0.03M phosphoric acid/l vol% 
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THF in DMAC, with Zorbax PSM-Bimodal columns using size 

exclusion chromatography in the high performance mode to 

obtain well resolved reproducible chromatograms in less than 

fifteen minutes development time. This procedure has great 

potential utility as an analytical tool to support 

fundamental studies of polyCamic acid> chemistry. Walker 

studied the aging of PMDA/ODA poly Camic acid) solutions by 

monitoring Mw and Mn as a function of time. The two monomers 

were reacted in the conventional mode of addition in a 

PMDA/ODA mole ratio of O .9S. Reactions were carried out at 

S°C and 31°C. Samples were removed periodically and analyzed 

via the GPC method employing the universal calibration 

curve. The results are displayed in Figure 2. In the 

author's view the reduction in Mw, with Mn remaining 

constant, clearly supports the contention that chain length 

equilibration is responsible for the commonly observed 

viscosity loss rather than hydrolytic degradation. It must 

be kept in mind, however, that the monomers were initially 

reacted in nonstoichiometric quantities. The results for the 

equivalent stoichiometric polymerizations were not reported. 

In the study it was also noted that the Mw' s of samples 

prepared at S°C and 31°C are initially the same but quickly 

drop off in the latter case due to rapid equilibration. 

Conducting reactions at low temperature, therefore, provides 

a broader distribution maintaining higher Mw, but not 

necessarily higher overall molecular weight as commonly 
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interpreted 

measurements. 

from Mw-sensitive solution viscosity 

2.2.2.4 Conversion of PolyCamic acids) to Polyimides 

2.2.2.4.1 Thermal Conversion 

The conversion of a polyCamic acid) precursor to the 

polyimide is most commonly accomplished by the thermal 

treatment of thin solution cast films [ 15, 16, 30-32 l. Ring 

closure occurs with the loss of water. Heating is generally 

administered in a step-wise fashion to first remove most of 

the casting solvent and then to effect cyclodehydration. A 

common thermal cycle is as follows: 

1) One hour at 70°C. 

2) One hour at 100°C. 

3) One hour at 200°c. 

4) One hour at 300°C. 

5) Cool down period to ambient temperatures. 

A large fraction of imidization occurs in the 150°C to 200°C 

range however these temperatures are not high enough to 

produce quantitative conversion. Temperatures near or above 

the Tg of the fully imidized material, typically 300°C or 

greater, are needed to allow adequate chain mobility for 

complete conversion of the polyCamic acid) to occur. 

Various aspects of thermal imidization have been 

studied by a host of techniques. Of all the methods, 

infrared spectroscopy has been the most widely used to 
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monitor the progress of imidization. Various researchers 

[33-35] have synthesized numerous model compounds and 

polymers and identified four important imide bands regions: 

Imide I 1780-1770 cm-1 and 1730-1720 cm-1 • 

Imide II 1400-1340 -1 cm • 

Imide III 1140-1100 cm-1. 

Imide IV 740-710 cm-1. 

The imide I band at 1780-1770 cm-1 and the imide IV band are 

most commonly used because of their absolute positions and 

relative intensities. The absorbance at 1540-1550 cm-1 can 

also be conveniently exploited to monitor the disappearance 

of amic acid [36,37]. 

Using IR techniques, the rate of imidization has been 

reported to be dependent on parameters such as the casting 

solvent [ 34 , 38 , 39 ] , film thickness [so] , imidization -
temperature [5,34,36,38-42], and chemical structure [39,431. 

Kreuz et at. [5] studied the rates of thermal cyclization of 

solvent cast PMDA-ODA poly{amic acid) films in the 

temperature range of 160°C to 188°C. Imidization proceeded 

by an initial fast reaction, followed by a substantially 

slower reaction. In all cases, the ring closure stopped well 

short of quantitative conversion. The authors suggested that 

the sudden decrease in the reaction rate could be related to 

polymer stiffening with conversion and the possibility that 

DMAC, the casting solvent, assists in favorable orientation 

for ring closure and its loss retards imidization. The 
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kinetic data were analyzed in terms of first order kinetics 

up to the point of kinetic interruption (Figures 3 and 4 >. 
At 160°C a rate constant of 0.0195 min-1 and an activation 

energy of 26 + 3 kcal/mole C 109 kj/mole) were reported. 

These values are similar to those reported by Laius et .al. 

(44] who derived an activation energy of 23 kcal/mole for 

the initial fast imidi zation step. Because the kinetics of 

thin film thermal imidization are very complex and depend on 

many parameters, a quantitative kinetic expression 

accurately describing the entire process has not been 

derived to this date. However, studies which provide insight 

into the matter have been undertaken. 

Lai us and Tsapovetsky [ 39] have investigated the role 

of the casting solvent during imidization. Figure 5 shows 

the progress of cyclization for a soluble polyimide under 

isothermal conditions at 120°C, 140°C, and 160°C. A certain 

time, t 1 , was chosen after the imidization rate was observed 

to slow. At this time the heating was interrupted and the 

film was redissolved in dimethylformamide and recast after 

which the cyclization experiment was resumed at the same 

temperature. It can be seen that the cyclization rate 

increased markedly as a result of this procedure, proving 

the presence of solvent aids in the imidization process. The 

authors postulated a temporary increase in chain mobility 

was responsible for the increased ring closure. 

Recent studies [45] have shown that solvents such as N-
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rnethyl-2-pyrrolidone can form intimate complexes with amic 

acid model compounds synthesized from PMDA and aniline 

(Scheme 5 ) • These complexes have characteristic 

stoichiometric ratios (1:4 and 1:2) and decomplexation 

temperatures as indicated by thermogravimetric analysis. 

The authors suggest that in the solid state these model 

compound-solvent complexes have conformations held in place 

by hydrogen bonding. After decomplexation hydrogen bonds 

still exist and hinder imidization. Only at temperatures 

high enough to break the hydrogen bonds can cyclodehydration 

occur. 

Alternate methods, besides infrared techniques, have 

been used with equal success to monitor thermal imidization. 

The imidization reaction has been followed by measuring the 

weight losses that occur during cyclodehydration [36]'=1 

Similarly, these studies have concluded that when poly(amic 

acid) films are heated isothermally, the imidization 

reaction proceeds rapidly but then slows down markedly. The 

temperature at which the imidization reaction ended was 

closely related to the glass transition temperature of the 

resulting partially imidized polymer. If the temperature is 

then rapidly increased to the Tg of the fully imidized 

polymer, quantitative conversion of amic acid quickly occurs 

(Figure 6). Based on these observations, it was concluded 

that the imidization reaction slows under isothermal 

conditions because the Tg of the polymer continually rises 
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Scheme 5 

Complexation/Decomplexation Process: ~/B Indicates the 
Possibility of Two Different Molecular Surroundings; ~ > > > 

Indicates the Possibility of Hydrogen Bonding [45] 
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as the ring closure proceeds. Molecular motion is 

effectively frozen when the rising Tg becomes equal to the 

imidization temperature. As a result, suitable conformation 

for imidization cannot take place any more. Temperatures 

above the Tg of the fully imidized material provide the 

necessary chain mobility for quantitative conversion. 

In another study [461 differential scanning calorimetry ·--
and thermogravimetric analysis were used to study the 

kinetics of PMDA-ODA poly(amic acid) cyclization. The data 

revealed that imidization occurred largely in the 100-

2500C range and that the reaction again followed first order 

kinetics in this temperature range. Microdielectrometry [471 

and 13c NMR [ 481 have also been successfully employed to 

monitor imide formation and amic acid disappearance. 

Many researchers studying thermal imidization have also 

observed an initial reduction in polymer molecular weight 

during the cyclodehydration of solution cast polyCamic acid) 

films [ 49-531. During the latter stages of the imidization 

carried out at high temperatures (250 300°C) 

repolymerization occurs to increase the overall molecular 

weight of the polyimide once again. This phenomenon was 

first observed in a qualitative manner by Dine-Hart and 

Wright [50]. The authors noted that certain polyCamic acid) 

samples which initially gave flexible films while 

plasticized by the casting solvent deteriorated to brittle 

films in the intermediate stages of imidization. Only after 
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exposure to temperatures above 250°C were the brittle films 

transformed into strong flexible polyimides. Their 

qualitative arguments are depicted in Figure 7. The authors 

believed that during the initial stages of ring closure, the 

water of imidization cleaved a portion of the remaining 

uncyclized amic acid linkages causing a decrease in 

molecular weight. In the later stages of imidization, the 

newly generated reactive end-groups underwent chain 

extension reactions to afford flexible polyimides. 

A more quantitative study was conducted recently by 

Young and Chang [49]. Two polyCamic acid) samples were 

synthesized and evaluated. One sample was made using· 1:1 

stoichiometry and the other was rendered nonfunctional by 

end-capping with a small amount of aniline. Inherent 

viscosity measurements were then made on films staged at 

different temperatures. Both series exhibited a lowering in 

viscosity for films heated to approximately 150°C (Figure 

8 > • The magnitude of this ef feet may have been diminished 

somewhat by the already low initial resin viscosity. The 

most striking feature of this figure is the rapid viscosity 

increase above 225°C for the unendcapped polymer. This 

series obviously chain-extended to much higher molecular 

weights than did the end-capped series, indicating that free 

end-groups play an important role during imidization in 

determining final molecular weights. These same trends were 

also observed through actual molecular weight measurements 
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determined by membrane osmometry in DMAC. 

Infrared analysis of the thermally staged films of both 

series revealed a band at approximately 1850 cm-1 which 

developed during thermal imidization and disappeared at 

elevated temperatures. The fact that the aniline-capped 

polyimides, which should contain no unreacted anhydride 

groups, exhibited this band during thermal imidization 

suggested that the polymer chain experienced intramolecular 

hydrolytic cleavage to generate a diacid (which converts to 

anhydride upon heating} and an amine. These reactive groups 

were then consumed in the later stages of the reaction and 

were no longer visible in the IR spectrum. The development 

of the anhydride moiety during imidization and its 

reconsumption has also been documented by other researchers 

[39,45]. 

There have been scattered reports of the thermal 

imidization of polyCamic acids} in solution. In an early 

study [54] polyCamic acids} were imidized in refluxing NMP 

at 200°C. It was found, however, a severe lowering of 

polymer molecular weight occurred during this process. 

Presumably, the water released from the imidization process 

remained in the solvent at sufficient quantities to cause 

significant hydrolytic degradation of uncyclized amic acid 

moieties. 

It was disclosed recently [55] that hydrolytic 

degradation could be avoided if the imidization was carried 
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out in the presence of azeotroping solvents capable of 

removing the water of imidization. Several polyetherimides 

were successfully synthesized in solvents such as phenols 

and cresols used in conjunction with azeotroping quantities 

of toluene or chlorobenzene. Under these conditions 

quantitative imidization was achieved in solution by 

employing only moderate temperatures in the 160 QC to 180 QC 

range. It is believed that quantitative imidization was 

possible at temperatures well below the Tg of the fully 

imidized material because the imidizing species were 

solubilized at all. times, allowing adequate mobility and 

chain flexibility for quantitative ring closure •.. 

2.2.2.4.2 Chemical Imidization 

Poly< amic acids) may also be cyclodehydrated at room 

temperature by chemical means to yield polyimides. This fact 

was reported by Endrey [ 56] in the mid 19 60' s. He -demonstrated that transformation could be accomplished 

through the use of dehydrating agents in combination with 

basic catalysts. Among the conversion catalysts described by 

Endry were the anhydrides: acetic anhydride, propionic 

anhydride, n-butyric anhydride, and others; among the basic 

catalysts were the tertiary amines such as pyridine, 

triethylamine, isoquinoline, and others. 

A general illustration of the process as it is believed 

to proceed is shown in Scheme 6. The first step in the 
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Scheme 6 

Chemical Imidization Process [57] 
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dehydration is the formation of a mixed anhydride. The 

tertiary amine may accelerate this process by forming a 

complex with the anhydride. The nucleophilic strength of the 

amide group may also be increased under the influence of the 

base CR 3N with CH 3coo- or the carboxylate ion). In the final 

stages, the water evolved as a result of cyclization may be 

captured by excess anhydride. 

Vinogradova et al. recently reported on the chemical 

cyclization of a DMAC soluble polyimide (58]. They achieved 

conversion by the addition of acetic anhydride/pyridine 

mixtures to the poly< amic acid) solutions in DMAC. They 

noted an optimum ratio of acetic anhydride/pyridine (4:3.5 

per polyCamic acid) base mole) and that the choice of base 

had a significant effect on the course of conversion. 

Cyclization in the presence of trialkyl amines of high 

bas ici ty produced polyimide in higher yield and of higher 

molecular weight than the less basic tertiary amines. 

The major disadvantages of chemical imidization at room 

temperature are incomplete conversion of polyCamic acid) and 

isoimide formation (59-61]. Isoimide formation is also 

outlined in Scheme 6. The existence of these unstable 

linkages renders the thermal and mechanical properties of 

polyimides formed from chemical conversion inferior to those 

of thermally imidized samples. In a recent kinetic study 

[ 61] amic acid conversion, imide formation, and isoimide 

formation were monitored as a function of time at 100 °C 

45 



during a chemical imidization (Figure 9). A sizable quantity 

of isoimide was formed during the process. Aging at 100 ° C 

for several days was successful in thermally converting some 

of the isoimide to imide functionalities however detrimental 

.quantities of isoimide persisted after this treatment. For 

this reason, chemical imidi zation is not normally employed 

to convert high molecular weight poly ( amic acid> to 

polyimide. Instead, chemical imidization is heavily used to 

form low molecular weight imide-containing model compounds 

where the final product can be recrystallized to remove 

undesirable amic acid and isoimide structures. 

2.2.3 Miscellaneous Routes to Polyimides 

2.2.3.1 Polyimides from Diisocyanates 

It has also been disclosed that polyimides can be 

formed from tetraacids and their anhydrides by condensation 

with di isocyanates. The final chemical structure obtained 

via this route is claimed to be identical to structures 

obtained through classical polyimide chemistry, however the 

intermediates are different [62-70). It was proposed by Hurd 

and Prapar [ 69] that the reaction between an anhydride and 

an isocyanate proceeds partially through the formation of a 

seven membered ring followed by decomposition of the cyclic 

intermediate to evolve carbon dioxide and water thus 

yielding imide structures (Scheme 7). 

Although this method has been commercialized by Upjohn 
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Co. Cnow Dow Chemical) to produce their polyimide 2080 [66-

68], several key reaction conditions must be met in order to 

reproducibly synthesize linear high molecular weight 

polyimide. Small amounts of water are required for this 

reaction to proceed. Water is effectively included when one 

co-reacts certain quantities of tetracarboxylic acid form of 

the dianhydr ide. The use of tetraacid also helps overcome 

the solubility problems associated with this synthetic 

method. The highest quality polyimides are obtained when the 

acid:anhydride ratio is between 1:1 and 1:4. Other 

requirements also include the addition of tertiary amine 

catalyst, addition of solid diisocyanate to anhydride 

solution, and use of reaction temperatures between 10°C and 

100 °C even though evolution of theoretical quantities of 

carbon dioxide do not occur until temperatures of 200°C are 

reached. 

2.2.3.2 Nitro Displacement Polymerization 

Polyimides have also been prepared through the 

displacement of ni tro groups from disubsti tuted bis-imides 

by pregenerated dianions of various bisphenols [71,72]. 

Scheme 8 shows a general reaction process. In general, the 

polymerization proceeds rapidly under relatively mild 

conditions in dipolar aprotic solvent/azeotroping agent 

solutions. The synthesis of high molecular weight is highly 

dependent upon the location of the nitro groups, reactivity 
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Scheme 8 

Synthesis of Polyimides Through Nitro Displacement 
Polymerizations [721 
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of the bisphenate, choice of solvent, and absence of water. 

Even when conditions are optimized, low to moderate 

molecular weight polymer is usually obtained (intrinsic 

viscosities range from 0.21 - 0.45 dl/g>. Because of this 

fact, nitre displacement reactions are not normally employed 

to synthesize polyimides. 

One thermoplastic polyimide deserves special attention 

however since its commercialization by General Electric. It 

is sold under the tradename Ultem and could, in principle, 

be synthesized through the ni tro displacement process as 

shown in Scheme 8. However, due to problems in obtaining 

high molecular weight, it is more commonly believed that 

Ultem is made through the multi-step process outlined in 

Scheme 9. Here, nitre displacement reactions are employed in 

the synthesis of a dianhydride which is then purified and 

reacted with a diamine in the conventional manner to yield 

Ultem polyimide. Alternatively, high temperature reactions 

may permit displacement of methylamine from the intermediate 

N-methyl imide. 

2.2.3.3 Diels-Alder Polymerization 

A unique application of the Diels-Alder reaction has 

been successfully undertaken in the preparation of 

polyimides [ 73, 74]. Two approaches have been employed, the 

first utilizing 

polymerization via 

preimidized monomers which undergo 

the Diels-Alder mechanism followed by 
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dehydrogenation (Scheme 10). The problems here are again low 

molecular weights and the lack of complete dehydrogenation. 

In an improved method, the phenylated nucleus was 

formed first with anhydride functionalities and then 

polymerized with diamines in the conventional manner to 

yield high molecular weight polyimides (Scheme 11>. Complete 

aromatization was also possible using this route because 

this step took place prior to polymerization. 

2.3 Properties of Polyimides 

2.3.l Insolubility I Infusibility 

Polyimides synthesized from aromatic monomers possess 

excellent thermooxidative stability and mechanical strength. 

Their overall performance is matched by only a handful of 

organic polymer systems. Unless carefully designed, 

polyimides are inherently insoluble and infusible, rendering 

them impossible to process by conventional methods. 

Properties such as solvent resistance and infusibility are 

indeed advantageous in certain applications. In many cases, 

however, thermoplastic behavior is desired for molding and 

forming operations. 

To circumvent the processability problem, many 

researchers have molded or solution cast the soluble 

polyCamic acid) intermediate rather than the polyimide. Once 

the desired form was reached, the material was then 

imidi zed. This method has been met with limited success 
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Scheme 10 

Synthesis of Phenylated Polyimide via Diels-
Alder Reaction (76] 

.. +·*,·*"""+ ~ B1s-di1nophtl1 

(Unuabi•l 

1
·2CO 

(Spontaneout) 
'II 

54 



Scheme 11 

Synthesis of Phenylated Polyimide v' Pol · · ia Classical 

+ 

:..r 1s: -0- or 

yimide Chemistry [76] 

R:rb.·)N J "'" 
~ ~ 

(Unstable) 
\ zer2 
l-4HBr 

NH2Q-ofiNH2 

55 



however due to the inherent instability of polyCamic acids). 

Additionally, the solvent and condensation volatiles 

released upon high temperature imidization create severe 

voids in molded parts, greatly reducing their ultimate 

performance. For these reasons, the development of soluble 

and processable polyimides that maintain excellent thermal 

and mechanical properties is of great interest. 

2.3.1.1 Crosslinking 

The factor(s) that account for polyimide insolubility 

are not fully understood. There has been uncertainty over 

completeness of conversion to linear polyimide by the 

thermal process. In 19 64, Hermans and Streef [ 77] proposed 

the idea of intramolecular vs. intermolecular condensation 

during the high temperature imidization of solution cast 

poly( amic acid) films. Intramolecular cyclization, of 

course, yields the imide moiety. The reaction between 

functionalities on adjacent chains in close proximity, 

intermolecular reaction, could also theoretically occur to 

yield branched and eventually crosslinked structures. One 

can also imagine that polymer chain end-groups may also 

react in an intermolecular fashion resulting in similar 

effects. 

Kumar [ 78] utilizing infrared spectroscopy and mass 

spectroscopy, concluded that imide formation via thermal 

cyclization in aromatic polyimides would not exceed -95 
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percent. He believed that the uncyclized fraction of the 

polymer consisted of both tertiary amide groups obtained 

from the interaction of hydrogen bonded solvent and 

unspecified 

reactions. 

linkages generated from intermolecular 

Sacher [79] recently used steric and kinetic arguments 

to propose that the poly Camic acid) based on pyromelli tic 

dianhydride and oxydianiline initially cyclizes through 

transimidi zation between adjacent chains to yield a 

chemically crosslinked insoluble network. Prolonged heating 

at sufficiently high temperatures provides sufficient energy 

to overcome steric barriers and some trans imide then 

converts to cyclic imide. Since this transformation is not 

quantitative, the polyimide remains slightly crosslinked in 

its final form and is therefore insoluble. 

2.3.1.2 Chain Rigidity/Orientation 

Opponents of the transimidization theory state that 

polyimides identical in structure to the one studied by 

Sacher are highly soluble in concentrated sulfuric acid and 

therefore cannot be crosslinked. In fact, the di lute 

solution properties of PMDA-ODA polyimide have been 

evaluated in sulfuric acid [24,80,81]. Weight average 

molecular weights of the fully cyclized polyimide dissolved 

in concentrated sulfuric acid were measured directly via low 

angle light scattering, and compared to the molecular 
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weights of their poly Camic acid) precursors. These results 

demonstrated that little or no change in molecular weight or 

chain dimensions occurred on curing, i.e., no evidence of 

branching or cross-linking was observed for this system. 

Additionally, little or no reduction in polyimide molecular 

weight was observed upon aging its sulfuric acid solutions 

at room temperature for 3 to 5 days, indicating decent 

polyimide solution stability. Studies such as this support 

the theory that polyimide insolubility is simply due to high 

chain rigidity which may or may not result in the formation 

of ordered structures in the solid state. 

A recent publication has discussed the formation of a 

heterogeneou~ two-phase structure involving ordered phases 

upon annealing PMDA-ODA polyimide film [82]. PolyCamic acid) 

films were imidized according to different thermal schedules 

which were then correlated to mechanical property and x-ray 

diffraction measurements. The thermal history had a profound 

influence on mechanical properties. Annealing at 

temperatures near the Tg of the polyimide slightly improved 

the thin film mechanical properties. The relationship 

between mechanical properties and thermal history was 

explained in terms of the development of ordered phases, 

which were responsible for increasing mechanical strength. 

This postulation was backed up by x-ray diffraction 

measurements. On the contrary, Polyimide 2080 (a soluble 

aromatic polyimide) was essentially amorphous in x-ray 
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diffraction measurements and did not exhibit any formation 

of ordered phases after annealing at temperatures around its 

Tg. Its mechanical properties were also not significantly 

affected by annealing. The difference in molecular 

aggregation between PMDA-ODA polyimide and polyimide 2080 

may be due to their different chemical structures. The more 

planar rigid structure of PMDA-ODA seems to facilitate the 

formation of a heterogeneous two-phase structure while the 

flexible polyimide 2080 remained amorphous. Arguably, this 

factor may also be the overriding consideration in 

determining the solubility differences between the two 

polyimides. The exact nature of this two phase structure was 

not elucidated, however. 

There have been other publications discussing the 

existence of heterogeneous two-phase structures in Kapton 

polyimide [ 83-85] and commercial poly (amide imide) systems 

(86,87]. Other polyimide systems are known to display 

crystallinity [88-91]. Measurements conducted on commercial 

Kapton must be viewed with skepticism however as this 

material is biaxially stretched during imidization, 

encouraging in-plane anisotropy to occur. 

2.3.1.3 Charge Transfer Complexes 

Many researchers feel that dissolving an aromatic 

polyimide in concentrated sulfuric acid is not a true test 

of solubility because the material may be altered 
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chemically, allowing solvation to occur. A more imaginative 

theory on polyimide insolubility has been proposed by St. 

Clair and others [33,92,93]. They have suggested the 

formation of charge transfer complexes, arising from 

electronic interactions between adjacent polymer chains, are 

responsible for polyimide insolubility and the golden color 

many insoluble polyimides possess. Within a polymer chain 

alternating regions of electron rich and electron poor 

character are created through resonance and inductive 

effects. Insolubility arises when these regions align in 

adjacent chains (Scheme 12>. A detailed study confirming the 

existence of charge transfer complexes has not been 

disclosed in the open literature to date. 

2.3.2 Polyimides With Improved Solubility I Processability 

The preparation of linear high molecular weight 

polyimides possessing good processability characteristics 

and reproducible thermoplastic behavior has been a major 

research effort in the past decade. Successful advances in 

this area have included the incorporation of diamines and/or 

dianhydrides containing flexible bridging units such as 

ether, carbonyl, sulfur, fluoroalkyl, and sulfone, which 

impart mobility to the otherwise rigid polyimide chain. 

Quite often, these flexibilizing units are used in 

conjunction with monomers 

further disrupting chain 

that are asymmetrical in nature, 

symmetry and increasing chain 
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Proposed Formation of Charge Transfer Complexes 
in Polyimides [92] 
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mobility. 

For example, St. Clair recently prepared a novel 

polyimide by reaction of BTDA and 3,3'-

diaminodiphenylsulfone [94]. Although this material was not 

soluble, it did possess thermoplastic tendencies and could 

be processed in the 260°C to 325°C range to yield high 

quality moldings, strong adhesive bonds, and well-

consolidated graphite-fiber-reinforced composites. 

A thermally stable polyimide that possesses good 

so 1 ubili ty and processabili ty character is tics is now 

available from Ciba-Geigy (trade name XU-218) [245-247]. 

This polyimide owes many of its unique properties to the 

highly unsymmetrical nature of the aliphatic diamine 

(illustrated in Table 2) that is employed to produce the 

materail. 

Several recent accounts on the synthesis and evaluation 

of linear high molecular weight polyimides with improved 

processability and/or solubility may be found in the 

following references [ 95-102]. The chemical structures of 

most of these polyimides are based on combinations of 

monomers shown in Tables 1 and 2. Attempts to make soluble 

polyimides using aromatic monomers possessing bulky side 

groups to disrupt chain packing have also been successful 

[103]. 

2.3.3 Thermal properties 
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The glass transition temperatures of polyimides are 

highly dependent upon chemical structure, thermal history, 

and polymer molecular weight [52,93,104-108]. Tables 6 and 7 

report the glass transition temperatures of a number of 

structurally different polyimides. In almost all cases, 

efforts to improve polymer processability through increasing 

chain flexibility have had the detrimental effect of 

lowering the Tg, or upper use temperature of the polymer. 

Table 6 focuses on the effect of placement of a 

flexibilizing segment on Tg. It can be concluded from Table 

6 that the introduction of flexible linkages in the 

dianhydr ide portion. of a polyimide has a greater impact on 

lowering Tg than the presence of the same flexibilizing 

segment in the diamine. If it is assumed that in both cases 

the same degrees of freedom are introduced, the difference 

in Tg cannot be due to differences in chain rigidity but may 

represent differences in intermolecular interaction. 

The effect on isomerism verses the introduction of 

flexible 

transition 

ef feet on 

segments. 

polyimide 

linkages is detailed in Table 7. The glass 

data show that meta-isomerism has a greater 

Tg than the introduction of flexibilizing 

The meta linkages distort the linearity of the 

chain. The resulting increase in interchain 

distance lowers the energy necessary for bond rotation and 

therefore the Tg. 

In an attempt to gain processability without 
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Table 6 

Effect of Placement of Flexibilizing Segment on 
Glass Transition Temperature [93) 

Dianhydride Diamine Tg (°C) 

PMDA p,p-ODA 399 

ODPA p-PDA 342 

PMDA p,p-DABP 412 

BTDA p-PDA 333 

PMDA m,m-DABP 321 

BTDA m-PDA 300 
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Table 7 

Effect of Isomerism verses the Introduction of Flexible 
Linkages on Tg [93] 

Dianhydride Diamine Tg (°C) 

BTDA p,p-DABP 290 

BTDA m,m-DABP 264 

BTDA p,p-BABB 286 

BTDA p,p-MDA 290 

BTDA m,m-MDA 234 

BTDA p,p-BABDM 256 

6F p,p-ODA 222 

6F m,m-ODA 178 

HDFODPA p,p-ODA 186 
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sacrificing high temperature performance, Hergenrother [109-

111] has synthesized several new flexible polyimides that 

have crystalline segments built into the polymer chain. The 

introduction of crystallini ty into a polymer has long been 

recognized as an effective means of improving the solvent 

resistance and increasing the modulus of a particular 

system. Glass transition temperatures and crystalline 

transition temperatures (Tm) of some polyimides are shown in 

Table 8. Although the flexible imide-containing portion of 

the polymer flows in the neighborhood of 220°C for most of 

the samples, the useful temperature range is extended due to 

the presence of the crystalline regions, which melt at much 

higher temperatur~s. 

The thermooxidative stability of aromatic polyimides as 

judged by thermogravimetric analysis is outstanding. 

Polyimide films remain stable to over 500°C under vacuum or 

in a flowing air environment [ 15]. Above this temperature, 

there is a sharp increase in the rate of weight loss. 

Representative TGA traces are shown in Figure 10 for some 

common aromatic polyimides based on pyromellitic 

dianhydride. Groups that impart flexibility will also lower 

polyimide thermal stability because these functionalities 

inevitably decompose before the imide moiety in a TGA 

analysis. Also, optimum thermal stability is reached when 

para-substituted diamines are employed rather than 

asymmetrical monomers. Most detrimental is the introduction 
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Table 8 

Thermal Transitions of Semicrystalline Polyimides [110] 

II II II II ro 00 -©1 
~<1r<n~N-©-a-©T·c-Ar-c-@..o o 

0 0 • 

Polyamic acid Polyimide 

Pol}irrude ~ ... T, T~ 

designation Ar' Ar (dl:/g) ('C) ('C) 

P!\IDA/l,3·BABB X§C l§J I.JO 247 442 

BTDA/1,3· BABB )§LL©: l§J 0.81 222 350 

BTDA/l,4·BABll )§LL@( -©- 0.62 233 427 

BTDA/4,4'.BABBP )§L~J§X -©-~-©T 0..5i 233 422 

BTOA/4,4'.BAllDE )§L~J§X -©-o-©r 0.52 215 418 

ODPA/l,3·BABB X§J..o-©i l§J 0.65 208 none 

BD50A/l,3·BABB )§LoJ§T 51§lo-@( l§J 0.77 192 oooe 

68 



70 

30'--~~~~~~~-'-~-'-~~~~~~~~ 
100 200 200 .:co 500 6CO 7CO :3CO 900 1000 

(curve .-1..J 

~ v 
(curve Bl 

Temcerature. ·c 

!{=-0-o--Q-
(curvel') 

!curve 01 

Figure 10: Thermogravimetric Analyses of PMDA - Based 
Polyimides in Dry Helium; R Represents the 
Diamine Structure [12] 

69 



of side-chain or main-chain aliphatic linkages, which 

sharply reduce thermal stability. 

The mechanism by which polyimides decompose during a 

TGA analysis was evaluated by Clark [112]. He proposed that 

thermal decomposition proceeded by two different mechanisms: 

a carbonization process which proceeds in air, argon, or 

vacuum, and an oxidation process which prevailed solely in 

air. An activation energy of 76.5 kcal/mole was reported for 

degradation in an argon atmosphere in the temperature range 

of 498°C to 597°C. A value of 24.S kcal/mole was reported 

for samples degraded in an air atmosphere from 507°C to 

602 °C. 

Other researchers have reported on the mode of 

degradation in air of PMDA-ODA polyimide [ 113] • Changes in 

polymer structure were followed by dissolution in cold 2N 

NaOH after heating. Solubilization was prevented after a 30 

minute exposure at 400°C. Additionally, the amount of 

swelling of the insoluble film decreased with time at 400°C 

from 400% swelling C 1/2 hour> to 150% after 2 to 3 hours. 

The authors concluded that degradation in air initially 

proceeded by crosslinking of the ether component and, to a 

lesser extent, the imide component. They also stated that 

the polymer changes sufficiently rapidly that activation 

energies for weight loss were actually for species other 

than the original polyimide structure. 

Subsequent work in the degradation of PMDA-ODA 
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polyimide confirmed attack in air C426°C) primarily at the 

oxydiphenylene rings and formation of carbonyl and hydroxyl 

groups [114,115]. Under a nitrogen atmosphere at 510°C, the 

mechanism of degradation was different; products proposed 

were carbodiimides, amide cleavage products, and 

isocyanates. Major gaseous products were carbon monoxide and 

carbon dioxide. Hydrogen evolution occurred above 525°C. 

Additional reports of secondary transitions in 

polyimides have been reported by a number of authors. Table 

9 summarizes the variety of data reported for PMDA-ODA 

polyimide. A host of analytical methods have been employed 

and a number of secondary transitions have been reported for 

this particular polyimide alone. It would seem that further 

work and clarification are needed in this difficult field. 

The thermal expansion behavior of polyimides has become 

an extremely important property in the electronics industry 

[116,117]. Usually polymers, including polyimides, have high 

thermal expansion coefficients when compared with metals and 

ceramics. However, there are some polyimides which have very 

low thermal expansion coefficients. This property has been 

observed for the polyimides obtained from PM.DA or BTDA and 

aromatic diamines which consist of phenyl rings fused 

ex cl us i vely at para positions. It has been proposed that 

their low thermal expansion coefficients are related to the 

high degree of linearity in their molecular backbones. 
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Table 9 

Secondary Transitions Reported for PMDA/ODA 
Polyimide Film [121 

Analytical method Transition(s) K 

Torsion Pendulum 190 353 

Mechanical Loss 230 550 

Thermomechanical Analysis 423 

Mechanical Loss 250 400 

Torsion Pendulum 180 

Torsion Braid Analysis 57 3 

Torsion Pendulum 180-190 280-400 

Direct Reading Viscoelastomer 378 551 

675 

673 

------------------------------------------------------------
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2.3.4 Mechanical Properties 

Polyimides are inherently high modulus and high 

strength materials; the presence of flexibilizing linkages 

or irregular segments, however, will tend to reduce their 

mechanical strengths. To cover the effects of all the subtle 

differences in polyimide structure would be a monumental 

task. In light of this, the mechanical properties of two 

important commercial polyimides will be outlined to 

illustrate the high strength nature of these materials. The 

values for Ultem and Kapton are shown in Table 10 (118]. The 

tensile strength and tensile modulus values surpass those of 

most organic polymer systems. 

It was reported that molecular weights of 40, 000 to 

50,000 ~determined indirectly from poly(amic acid) inherent 

viscosities) yielded the best overall mechanical properties 

for Kapton (119]. Maximum tensile strengths were approached 

at molecular weights of 40,000 g/m; maximum elongation, tear 

strength, and impact strength were approached at molecular 

weights above 50, 000 g/m with elongation and tear strength 

increasing with molecular weight. Ultem' s molecular weight 

is reported to be controlled as to obtain values in the 

neighborhood of 35,000 g/m [75]. 

2.3.5 Hydrolytic Stability 

Delasi and Russell (120] investigated the aqueous 

degradation of Kapton polyimide film. Immersion of film in 
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Table 10 

Mechanical Properties of Two Commercially Available 
Polyimides [75] 

Polyimide 
Property Ultem Kapton 

Tensile Yield Cksi) 15.2 C25°C) 

Tensile Strength Cksi) 25.0 C25°C) 
17.0 C 200°C) 

Tensile Modulus Cksi> 430 C25°C) 430 ( 25 °C) 
260 c 200°c> 

Elongation to Break 60 % C25°C) 38 % C25°C) 
71 % c200°c> 

Elongation to Yield 7-8 % C25°C) 
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distilled water at 25°C to 100°C for periods ranging from 

.one hour to several hundred hours showed loss of tensile 

strength. The tensile strength decreased to 14 kpsi from 23 

kpsi with corresponding decrease in elongation to failure 

from 38% to 5%. It was concluded that water sorption has a 

significant detrimental effect on polyimide ultimate 

performance. 

2.3.6 Ultraviolet Stability 

The ultraviolet stabilities of polyimides derived from 

PMDA or BTDA with ODA diamine were determined by Alvino 

[ 121]. Exposure of wet and dry films at 45 °C in an Atlas 

Weather-0-Meter was conducted. All the polymers showed 

substantial deterioration after a 4,000 hour exposure and 

were considered to be only fair in terms of ultraviolet 

stability. 

2.4 Addition Polyimides 

The continuous development of addition polyimides 

represents a significant effort in the polyimide industry 

today. Because this area was not a major focal point of the 

research contained in this thesis, only a brief review will 

be presented. Addition polyimides are based on low molecular 

weight organic compounds containing preformed imide 

structures flanked by terminal reactive groups. These 

materials were developed in the mid 1970's in an attempt to 
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alleviate the processing difficulties associated with linear 

high molecular weight polyimides and polyCamic acids). 

When working with addition polyimide systems, the 

starting monomers are dissolved in a low-boiling solvent for 

impregnation or solution casting. This solvent is then 

easily and quantitatively removed at low temperatures during 

the initial processing stages to leave behind the addition 

monomers. Temperatures are then raised above the melting 

point of the imide-containing monomers and the reactive 

endgroups, typically unsaturated functionalities, react in 

an addition-type polymerization mode without the release of 

volatiles to yield a highly crosslinked undefined polyimide 

network. The most common reactive endgroups used in this 

work have been maleimide (122-128], acetylene (129-134], and 

norbornene [ 135-137]. The chemical structures of various 

crosslinking endgroups are shown in Scheme 13. Other less 

commonly employed crosslinkable structures are the styrenes, 

benzocyclobutanes, and allylphenyl compounds (138]. 

The synthesis of preimidized monomers containing 

unsaturated endgroups can be readily accomplished. 

Bismaleimides, for example, may be prepared through the 

reaction of a suitable diamine with excess maleic anhydride 

in solution at room temperature (Scheme 14). The generated 

bismaleamic acid is then cyclodehydrated thermally or 

chemically to form the bismaleimide in high yield. If 

purification is necessary, the bismaleimide may then be 
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Scheme 13 

Typical Crosslinking Endgroups for Addition 
Polyimides [139] 
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Scheme 14 

Synthesis of Bismaleimide [138] 
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recrystallized prior to use. 

In addition to self-crosslinking, bismaleimides can 

also undergo an acid-catalyzed hydrogen addition reaction 

with diamines to form polyaspartimides [140-144]. This 

Michael addition reaction proceeds quantitatively under 

well-defined conditions because the maleimide double bond is 

suitably activated by its two adjacent electron withdrawing 

carbonyl groups. 

Similar to conventional addition polyimides, addition 

polyimides based on the PMR Cin situ polymerization of 

monomer reactants) approach also show excellent potential 

for use as high temperature resistant polymer matrix 

materials [145-147,]. The PMR approach is outlined in Scheme 

15 as it applies to the production of a commercial material 

known as PMR-15. In actual practice, the three monomers are 

dissolved in methanol and this solution is subsequently used 

to impregnate a reinforcement Ce.g. carbon/graphite fibers). 

The prepreg is laid-up and B-staged to remove most of the 

volatiles and convert the monomers to norbornene terminated 

imide oligomers. The oligomers still have sufficient flow 

for further compaction at elevated temperatures under 

pressure. In the final processing stages, the oligomers 

undergo addition curing reactions at these elevated 

temperatures to yield low void content composites. 

Through the use of addition polyimides, much has been 

gained towards alleviating the processibility problems 
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Scheme 15 

Idealized Cure Sequence for PMR-15 Resin (148] 

0 0 0 

0 0 

4.4 1 - METHYLEf.JE DIANI LINE BTDE DIMETHYL ESTER 

0 

rr)::x:~ -0 CH3 

C-OH 

0 

NE MONOMETHYL ESTER 

.l ! -CH30H 

0::r: J f:~ '"'@; _; '0-; 1Ynr@'"'@U j'.'.Q ~~;··,,, 
C-OH HO-C)-8J ~C-OH I HO-~ 
" I ' l . I . 0 
(l L () .l -H20 I) ·- N • 2.087 

I ~ 
0, . 0 0 01 0 

~I /~ ~ ~ ~ ~c~N-@-CH2-@-N,crgr '©I) N-@CH2@-<c:d:u POLYIMIOE 

" I " PRESSURE ' I • 
0 :.._ 0 .l i ~-; N ~ 2.087 0 

-<'>--_,; f--0 '"' 9 /rai- ~ -r5)j '-@ rn,JO-<: n O'Om'"" 
'=.! ~c: c~ l.8-lc ~ c~ POLYMER 

" 0 (l C:'.._ N ~ 2 087 0 

80 



associated with 

However, the 

high molecular weight linear 

addition poly imides that 

polyimides. 

have been 

traditionally developed are thermosets which cure to form 

highly crosslinked polymer networks. These networks are 

characterized by extremely brittle behavior when compared to 

linear systems; a major disadvantage of the network systems. 

The greater amount of aliphatic character in these systems 

also reduces overall thermal stability. Because of these 

reasons, research efforts have turned to the development of 

toughened addition polyimide systems. Most of this work has 

focused on lowering the material's final crosslink density 

through the use of BMI's made from extended diamines 

containing flexibilizing units [124-126,149]. Maleimide-

terminated polyCarylene ether> oligomers have also been 

synthesized, crosslinked, and evaluated [150]. More 

imaginatively, semi-interpenetrating CIPN) networks have 

been prepared by blending and crosslinking bismaleimides in 

the presence of high molecular weight linear polyimides 

[ 151-153]. Although these materials showed improved 

toughness, there is controversy over the degree of 

homogeneity in the final crosslinked semi-IPN. 

2.5 Applications of Polyimides 

A list of some actual and potential uses for polyimides 

is given in Table 11. The electronic/microelectronic area 

constitutes a large potential market for polyimides [154]. 
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Table 11 

Applications of Polyimides [l] 

* Electronic/microelectronic components (circuit 
boards, moldings, flexib'ie cables, insulators, wire 
wraps, coatings, ect.) 

* Gaskets, sealants, and tubing 

* Binding systems in break shoes, abrasive wheels, and 
cutting discs 

* Casings, nozzles, ect. for geothermal energy 
conservation systems 

* Structural resins (adhesives, composites, foams, and 
moldings) for advanced aircraft, space vehicles, and 
missiles 

* Engine components (fan blades, flaps, ducting, 
bushings, cowling, races, rods, ect.> 

* Nuclear reactor components (coolants, insulation, 
structural parts 

* Filters (exhaust stacks) 

* Pipes (chemical processing and energy-generating plants) 

* Fire resistant clothes 

* Reinforcements Chigh modulus/high strength structural 
fibers) 

* Automotive components (connecting rods, wrist pinns, 
pistons, electrical components, ect.) 

* Coating on cookware (non-stick interior and 
decorative exterior surfaces) 
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There are many different uses, each with its own set of 

particular requirements. The largest market for Kapton 

polyimide is in flexible printed circuitry with the second 

largest market encompassing aerospace magnetic wires and 

cables. Each space shuttle has 906 Kg of Kapton film while 

new commercial airplanes such as the Boeing 767 uses several 

hundred kilograms of Kapton [l). 

Polyimides are also readily employed as structural 

resins for advanced aircraft, space 

[139,155). In these applications, 

vehicles, and missiles 

processability is of 

utmost importance. High temperature elastomers for use as 

gaskets, sealants, and tubing have constituted a challenging 

area for pqlymer chemists. Many high temperature polymers, 

including polyimides, do not lend themselves readily to 

these types of applications. Better high temperature 

sealants are needed for use in advanced aircraft and other 

applications. 

2.6 Polyimide Copolymers 

2.6.1 PolyCamide imides) 

Although several imide copolymers have been reported, 

the polyCamide imides) have received the greatest attention. 

Amoco Chemical Corp. has commercialized these materials 

under the trade name Torlon [156,157). Poly(amide imides) of 

various chemical structures are currently being used in a 

wide variety of applications such as adhesives, composite 
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matrices, coatings, films, foams, and moldings. 

Almost all of the amide imide copolymers are 

synthesized from trimellitic acid or its derivatives, 

commonly the anhydride acid chloride, and the multitude of 

di amines available [ 30, 31, 158-161]. A synthetic process is 

outlined in Scheme 16 employing the monoacid chloride 

derivative. The monomers are typically reacted under 

anhydrous conditions 

triethylamine is 

hydrochloric acid. 

in solution. An acid acceptor such as 

used to neutralize the liberated 

Of course, these reactions occur with 

production of the intermediate poly (amide amic acid) which 

must be thermally cyclized. 

When trimellitic acid is reacted instead of its acid 

chloride derivative, high temper~ture melt polymerization 

may be the synthetic method of choice [ 162]. The polymer 

structure in Scheme 16 is shown in a head to tail 

configuration but head to head and tail to tail linkages 

also exist where the R group is flanked by either two imide 

or two amide groups. By partial replacement of the triacid 

with an aromatic diacid or tetraacid dianhydride, the amide 

or imide content respectively can be increased as desired. 

Recently, diacid chloride monomers containing preformed 

imide functionalities were synthesized and reacted with 

diamines to yield well defined polyCamide imide) copolymers 

[163]. In this manner, the actual polymerization step 

produced the final product directly without going through a 
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Scheme 16 

Synthesis of PolyCamide imide) (76] 
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poly(amic acid) intermediate. 

By incorporating the amide linkage a more processable, 

soluble, moldable copolyimide is produced (164,165]. Again, 

the gains in processabili ty are obtained at the expense of 

thermal stability, as amply demonstrated by 

thermogravimetric analysis. PolyCamide imides) are reported 

to be substantially inferior to polyimides in terms of 

thermal performance. Even with this sacrifice, however, the 

product can withstand continual use at 290°C (550°F) for 

2,000 hours as a laminating resin or wire coating. 

Another major problem associated with the incorporation 

of amide linkages is water sorption. Through hydrogen 

bonding, poly< amide imide) polymers can absorbas much as 4 

wt. percent per unit area of water [ 158]. This detrimental 

phenomenon can greatly lower the glass transition of the 

material and significantly reduce mechanical strength. 

2.6.2 Miscellaneous Copolymer Systems 

Poly< ester imides) can be prepared from reactions of 

bis (ester anhydrides) with diamines to yield the amic acid 

intermediate, which upon conversion, produces the poly(ester 

imide) (166-168]. The bis(ester anhydrides) are usually 

prepared by reacting trimellitic anhydride acid chloride 

with aromatic bis phenols. Although poly< ester imides) are 

processable and possess a reasonable balance of mechanical 

and electrical properties, the materials exhibit 
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substantially poorer thermal stability than the comparable 

aromatic polyimides. There seems to be little doubt that 

modification with such groups as amide or ester introduces a 

source of thermal instability into the basic polyimide 

structure. Some improvements in thermal stability have been 

observed, however, for imides containing polyCether sulfone> 

blocks [169,170]. 

In a successful effort 

thermal stability, 

to 

and 

improve mechanical 

processability of pro per ties, 

polyimides, various heterocycl ic functionalities have been 

incorporated in an imide backbone in highly ordered fashion 

[ 171-1731. The typical synthetic approach to these 

copolymers was to first prepare a dianhydride containing the 

functional groups needed to form the heterocyclic portion of 

the molecule. The dianhydride was then reacted with a 

diamine at room temperature to form the poly ( amic acid). 

Thermal treatment then resulted in the formation of both the 

imide and heterocyclic groups. Several polyCheterocyclic 

imides) have been made via this route which contain the 

following heterocyclic groups: benzoxazole, benzoxazinone, 

benzimidazole, and benzothiazole. The overall synthetic 

process is shown in Scheme 17. Other heterocyclic-imide 

copolymers with useful properties are the polyCimide 

phenylquinoxalines) [174]. 

2.7 Polyorganosiloxanes 
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Scheme 17 

Synthesis of Poly(heterocyclic imides) [761 
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2.7.1 General Considerations 

Polysiloxanes are a unique class of commercially 

important organic-inorganic polymers. They are characterized 

by a backbone consisting of alternating silicon-oxygen bonds 

with organic substituents on the silicon atoms (Scheme 18). 

Scheme 18 

Although the organic subs ti tuents may be alkyl, haloalkyl, 

vinyl, or phenyl in nature, by far the most commonly used 

siloxane is where both organic substituents are methyl 

uni ts. Polydimethylsiloxane is an extremely important 

commercial polymer and some of its unique properties are 

listed in Table 12 (175]. Polydimethylsiloxanes are 

generally in the form of viscous liquids or oils at room 

temperature. Above 500, 000 molecular weight, however, the 

material appears to be solid but has poor mechanical 

integrity and creeps extensively. Many of the properties 

listed in Table 12 can be explained directly on the basis of 

the structure and bonding in the siloxane polymer. 

The bond length of the silicon-oxygen bond in 

polysiloxanes is approximately 1. 64 angstroms [ 17 6]. This 

value is much smaller than the 1. 84 angstrom value 

calculated from the sum of the atomic radii of silicon and 
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Table 12 

Physical Characteristics of Polydimethylsiloxane [175] 

* Low surface energy 

* High compressibility 

* Biological inertne?s 

* Atomic oxygen resistance 

* Low temperature flexibility 

* Low polarity (hydrophobicity> 

* Thermal and oxidative stability 

* Ultraviolet radiation resistance 

* High permeability to small molecules 

* Low viscosity for a given molecular weight 

* Minimum change in viscosity with temperature 

* Broad service temperature range due to low Tg 
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oxygen atoms. This phenomenon has been explained by two 

reasons. The first deals with the ionic character of the 

silicon-oxygen bond. Based on the Pauli electronegativity 

scale, the electronegativity difference between the two 

atoms is 1. 7, indicating some degree of ionic character. 

Indeed, the percent ionic character has been estimated at 40 

to 50 percent [ 176]. Further considerations of bond angles 

and bond strengths have lead to the possibility of 

backbonding between the filled p-orbitals of the oxygen atom 

and the unfilled d-orbitals of silicon. All of these factors 

contribute to a silicon-oxygen bond strength of 106 

kcal/mole, which is 21 kcal/mole stronger than the typical 

aliphatic carbon-carbon bond [ 175 l. Because of this 

siloxanes exhibit remarkable thermal stability with use 

temperatures extending to 260 °C with no deterioration in 

physical properties. However, siloxanes are susceptible to 

attack by acids and bases due to the highly ionic character 

of the siloxane bond. 

The structure of the polysiloxane molecule is helical 

with the siloxane-oxygen backbone forming the core of the 

helix and where the organic substituents protrude to form a 

nonpolar sheath around the molecule [ 176 l. Thus, the non-

polar character of the siloxane molecule results in weak 

intermolecular forces. This preferred chain conformation 

combined with the low energy barriers to siloxane backbone 

rotation are responsible for many of the unique properties 
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siloxanes possess such as low Tg, high gas permeability, 

compressibility and hydrophobicity. 

The reported surface activity of siloxanes can also be 

attributed to their highly nonpolar nature and weak 

intermolecular forces, particularly when they are combined 

with organic units such as polyether grafts. surface 

tensions range from 15 dyne/cm for hexarnethyldisiloxane to 

22 dyne/cm for high molecular weight silicone oils [175]. 

Their low surface tensions make them useful in applications 

such as foaming, antifoaming, and mold release agents. As 

will be discussed later, copolymers containing siloxane 

segments tend to have surfaces enriched in siloxane, 

presumably due to the low surface energies of siloxanes. 

2.7.2 Synthesis of Polydimethylsiloxane 

Various routes are available for the production of 

polydimethylsiloxane polymers. These include: Cl> hydrolytic 

reactions of organohalos ilanes or organoalkoxysilanes, ( 2) 

redistribution or equilibration reactions involving cyclic 

tetramer monomers and/or low molecular weight oligomers, (3) 

non-hydrolytic reactions of organohalosilanes with alcohols 

or bases, and (4) anionic polymerization of 03, the cyclic 

siloxane trimer, using organolithiurn initiators. Process two 

will be outlined in greater detail since it was the 

synthetic method used in this research. 

The overall synthesis of difunctional amine-terminated 
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polydimethylsiloxane oligomers via process two involves 

equilibration of the cyclic dimethylsiloxane tetramer in the 

presence of a functional disiloxane as illustrated in Scheme 

19. A catalyst is required to start the process and one may 

use a material which is either acidic or basic, depending on 

the nature of the endgroups [177]. Typically, a potassium or 

tetramethylammonium siloxanolate catalyst is employed to 

synthesize amine-terminated oligomers. In the case of the 

preferred quaternary ammonium catalysts, one may decompose 

the catalyst at the end of the equilibration process by 

simply heating the reaction mixture briefly to about 150°C. 

The catalyst decomposes completely to form volatile 

byproducts, as was pointed out a number of years ago by 

Gilbert and Kantor [178]. 

The basic catalyst attacks the electropositive silicon 

of the tetramer and initiates ring opening polymerization. 

The process then goes through a series of equilibration 

steps to produce a ring-chain equilibrium between the linear 

oligomers and the cyclic species [179,180]. The cyclic 

byproducts, predominantly 04, may be conveniently removed at 

the end of the reaction after decomposition of the catalyst. 

The number average molecular weight of the oligomer at 

equilibrium is governed by the initial molar ratio of the 

cyclic tetramer to disiloxane. In this way molecular weight 

control is achieved. The actual number average molecular 

weights of the oligomers can usually be obtained by 
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Scheme 19 

Synthesis of Difunctional Bis-(aminopropyl) 
Polydimethylsiloxane via an Equilibration Process 
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potentiometric titration of the endgroups. 

In the presence of the disiloxane, the equilibrium 

process undergoes what is effectively a very useful chain 

transfer reaction. This occurs because, like the 04 monomer 

and growing polymer chain, the silicon-oxygen-silicon bond 

of the disiloxane is sufficiently polar that it is attacked 

by the active ionic species and thus takes part in the 

equilibration process. On the other hand, one takes 

advantage of the fact that the silicon-alkyl <or aryl) bond 

is more covalent in nature and therefore is stable during 

the polymerization. The equilibration process is generalized 

in Scheme 19 wherein "04" refers to the cyclic tetrameric 

starting material and "MM" denotes a disiloxane with a 

terminal group associated with each "M". This shorthand 

nomenclature system is one traditionally utilized by 

siloxane chemists. As one can note from Scheme 19 the dimer 

will be incorporated into the chain and the chain ends will 

be identical with the terminal uni ts of "MM", or the 

disiloxane. 

The entire concept is well-known and, in fact, methyl 

terminated polydimethylsiloxane fluids and oils have been 

prepared in this way for some time. However, the additional 

feature focused on in this research was to design the 

endgroups to be organofunctional. This general area is of 

great interest because difunctional oligomers carrying a 

number of reactive endgroups have been prepared such as 
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secondary amines, silylamines, phenolics, hydroxyls, 

epoxides, alkenes, and silanes [281). However, the 

aminopropyl terminated species were utilized most 

extensively during the course of this research. 

It is surprising that very little has been reported 

with respect to the detailed kinetics and mechanisms 

involved in the overall process of siloxane equilibrations 

[ 18 2, 18 3, 1 • An interesting aspect of the siloxane 

equilibration reactions that has been established is the 

change in enthalpy for the process is nearly zero while the 

change in entropy for the process is positive by 6.7 J/mole 

[ 19 l. Thus, the driving force for these polymerizations is 

the increase in entropy upon converting the cyclic 

structures into linear species. Further discussions on 

organosiloxane systems are available in various other books 

[184,1851 and reviews [186-188]. 

2.8 PolyCimide siloxane) Block Copolymers 

2.8.1 Introduction 

Block copolymers are comprised of chemically dissimilar 

segments that are terminally connected. Their sequential 

arrangement can vary from A-B structures containing only two 

segments, to A-B-A block copolymers with three segments, to 

multi block CA-B) n systems possessing many segments. Other 

geometrical configurations include graft and radial block 

copolymers. Schematic representations of the various block 
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copolymer types are shown in Figure 11. The types of 

copolymers synthesized and evaluated in this thesis fit into 

the category of segmented or multiblock CA-B)n copolymers. 

Block copolymers have achieved technological importance 

due to the discovery of microphase separation. When two 

dissimilar polymers . are physically blended, whether or not 

the mixture will be homogeneous depends on thermodynamic 

considerations. If the free energy of mixing is negative, 

the mixture will be homogeneous. On the other hand, 

heterogeneous mixtures will result if the free energy of 

mixing is positive. Since polymers have very small entropies 

of mixing due to their high molecular weights, any small 

positive enthalpy of mixing gives rise to a heterogeneous or 

immisc~ble polymer blend. There are indeed very few examples 

of miscible polymer blends. Incompatible polymer blends are 

thus characterized by large phases of homopolymer with poor 

interfacial adhesion. This leads, in turn, to poor 

mechanical performance. 

When dissimilar polymer segments are connected through 

actual chemical bonding to produce block copolymers, phase 

separation also occurs above a critical molecular weight 

[189]. Since the segments are chemically linked to one 

another, the degree of phase separation is limited. Thus, 

the phases formed are microscopic in size. Good interfacial 

adhesion across the phase boundaries is also achieved due to 

the chemical bonding, which translates into improved 
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mechanical performance. 

As mentioned earlier, siloxanes impart a number of 

beneficial properties to polymeric systems into which they 

are incorporated, including enhanced solubility, resistance 

to degradation in aggressive environments, impact resistance 

and especially, modified surface properties. These 

particular advantages render polysiloxanes attractive for 

aerospace, microelectronic, and other high performance 

applications. 

A number of researchers have been interested in the 

novel surface modification properties of polysiloxane 

segments in multiphase copolymer systems. Some of the first 

work focused on the Cat that time) somewhat unique siloxane 

enhancement at the air/vacuum surface in pure segmented 

copolymers. The systems studied were the polyCurethane 

siloxane> [190], polyCcarbonate siloxane) [191,192], 

poly( ester siloxane) [193], polyCsulfone siloxane> [193], 

and poly<styrene siloxane) (194] block copolymers. 

Essentially, the polydimethylsiloxane chain displays very 

low surface energy which provides a thermodynamic driving 

force for migration to the air or vacuum interface. X-ray 

photoelectron spectroscopy studies C XPS or ESCA) conducted 

demonstrated that the surface structure of these copolymers 

was predominately siloxane, even when the amount of siloxane 

incorporated during the synthetic process was relatively 

low. An extremely important criterion was the development of 
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microphase structures in the bulk, which apparently freed 

the mobile CTg = -123°C) siloxane microphase to more easily 

migrate to the air or vacuum interface. In the case of 

polyCcarbonate siloxane) block copolymers it was postulated, 

based on XPS studies, that the morphology of the top 50 

Angstroms of the material was composed of discrete regions 

of siloxane and carbonate with the polysiloxane chains 

oriented perpendicular to the surface (192]. 

In the case of siloxane modified polyimides, siloxane 

surface domination is of great interest in the areas of 

oxygen plasma processing and atomic oxygen resistance as 

they apply to the electronics and aerospace industries 

respectively. In the presence of atomic oxygen, the siloxane 

structure on the surface is converted to an organosilicate-

type, ceramic-like material which provides protection during 

the exposure process. Further details will be discussed in 

the sections that follow. 

2.8.2 PolyCimide siloxane) Synthesis 

The synthesis of homogeneous polyCimide siloxane) 

copolymers was first reported in 1966 by Kuckertz (195), who 

reacted various low molecular weight amine terminated 

siloxane dimers with pyromellitic dianhydride to produce the 

polyCamic acid siloxanes), which were subsequently cyclized 

to form the imidi zed analog. The structures obtained are 

shown in Scheme 20. 
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Scheme 20 

Poly(irnide siloxane) Structures Synthesized 
by Kuckertz [195] 

0 0 
11 :: CH3 CH3 

,,C-©-C, I I . 
-f-M N-Z-Si-0-Si-Z+ 

'c- -c ~ I I n 
:1 u CH3 CH3 
0 0 ' 

101 



Since then, aliphatic amine terminated siloxane dimers 

have been used extensively to modify various linear [ 19 6-

201] and addition [202-204] polyimide systems. In all of 

these studies, work was directed towards modifying 

polyimides to improve their shortcomings (intractability and 

fracture toughness respectively) without severely 

compromising their attractive features. 

Recently, Maudgal and St. Clair [200] synthesized 

linear copolyimides and homopolyimides of 

bisCaminopropyl)tetramethyldisiloxane and 3,3'-

diaminobenzophenone with BTDA. Varying amounts of the 

siloxane copolymer were incorporated and the resulting 

copolymers were evaluated in terms of thermooxidative 

stability, solubility, mechanical 

processability. The properties of the 

properties, 

copolyimides 

and 

were 

compared with those of the homopolyimides to further assess 

the effect of incorporation of siloxane groups in the 

backbone. 

amounts 

The incorporation of 

enabled the copolymer, 

the disiloxane 

unlike the 

in small 

insoluble 

unmodified homopolyimide, to be solubilized in dipolar 

aprotic solvents such as DMAC and NMP. Copolymers containing 

large amounts of siloxane became soluble in low boiling 

solvents such as THF and diglyme. The processability also 

improved upon incorporation of siloxane. However, these 

property improvements were achieved at some sacrifice in 

thermal and thermooxidati ve behavior. The glass transition 
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temperature dropped sharply due to the incorporation of only 

small amounts of flexible siloxane dimer, thus greatly 

reducing the copolymer's upper use temperature. This fact 

has also been detailed in another recent publication [205]. 

Because of the large aliphatic character present in the 

siloxane dimer, thermooxidative stability also decreased 

rather sharply with increasing siloxane composition. Despite 

these shortcomings, the polyCimide siloxane) copolymers were 

successfully used to make high strength adhesive joints and 

void free moldings. In fact, the materials were considered 

to be adequate for structural adhesive applications in this 

article as well as in patents by the same authors [ 20 6] • 

Lee [ 207 l recently reported that the mechanical 

properties ~f polyCimide siloxanes) are highly dependent 

upon disiloxane content. Thus, copolymers with high 

concentrations of incorporated siloxane (50% or above> 

behave as elastomers whereas low siloxane concentrations 

result in more rigid materials which behave essentially as 

unmodified polyimides. An alternative approach to the 

synthesis of soluble polyCimide siloxane) copolymers with 

similar mechanical responses has involved the production and 

polymerization of monomeric siloxane-containing dianhydrides 

with various isomers of diaminodiphenylmethanes [208]. 

In fact, many publications on siloxane-containing 

polyimides made from bisCamino alkyl>disiloxanes have shown 

that the incorporation of flexible siloxane segments into a 
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polyimide backbone can permit the synthesis of soluble 

processable copolyimides with decent thermal and mechanical 

properties [ 209-212]. Much of the available literature on 

these copolymers is in the form of patents and many articles 

do not disclose the structures of the copolyimides discussed 

therein. This extreme secrecy indicates great interest in 

these materials in the industrial world. What is known is 

that a great majority of these materials employ siloxanes in 

the commercially available dimer form to simplify reaction 

chemistry. The solubility characteristics of the siloxane 

dimer are fairly identical to those of the aromatic 

monomers, making solution copolymerization easier. Also, 

many applications utilize siloxanes in high concentrations 

in the copolymer to render the material soluble in a wide 

range of low boiling solvents [213]. Of course, this greatly 

lowers the thermal performance of the resulting copolymer as 

previously discussed. Siloxane modified poly< amide imide > 

systems have also shown similar behavior [214,215]. 

Because the siloxane dimer is of low molecular weight 

microphase separation cannot occur and a single copolymer Tg 

results [216]. This single Tg is highly sensitive to the 

amount of disiloxane incorporated. Another major consequence 

of the absence of phase separation is that the highly 

desirable phenomenon of selective siloxane surface migration 

and cannot occur [216]. 

Despite the disadvantages of employing the siloxane 
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dimer, few authors have reported on the copolymerization of 

siloxane equilibrates of higher molecular weights to produce 

microphase separated segmented copolyimides. The poly<imide 

s i loxane) segmented copolymers commercialized by M&T 

Chemicals have been described in a 43 page patent [217] and 

at recent conferences [218,219]. These materials are diglyme 

soluble and are reported to have excellent room temperature 

properties. Several advantages were cited for the benefits 

of siloxane block incorporation as apposed to disiloxanes. 

They were: < 1) greater thermal stability <less aliphatic 

siloxane endgroups per backbone), (2) higher Tg material due 

to the presence of microphase separation, (3) greater 

strength of unreinforced films, (4) less sensitivity to 

water sorption, (5) greater scratch resistance, (6) better 

dielectric properties, and ( 7 > a coefficient of expansion 

better matching materials of construction. These advantages 

were also detailed by Lee [220] in a recent paper. Siloxane 

block surface migration was not addressed in any of these 

publications however. Although exact details are sketchy, 

the inferred complexity of the M&T copolyimide backbone 

renders the overall high temperature usefulness of the 

materials questionable. 

Previous work at Virginia Tech has addressed the 

in poly ( imide s i loxane surface migration phenomenon 

siloxane) segmented copolymers based on 

polydimethylsiloxane oligomers and 

amine terminated 

oxydianiline 
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copolymerized with PMDA or BTDA [2211. Contact angle 

measurements and XPS results indicated that copolymer film. 

surfaces were indeed mostly siloxane, even when the amount 

of siloxane incorporated during the synthetic process was 

low. These materials were also characterized by good thermal 

and mechanical properties. They were, however, insoluble 

even at very high siloxane compositions presumably due to 

the highly rigid polyimide segments. 

The extreme secrecy surrounding poly( imide siloxanes) 

in the industrial world is manifested by the number of 

applications these materials have been employed. Siloxane 

modified polyimides are being evaluated as structural 

adhesives, matrix resins, and protective coatings for the 

aerospace industries [222,2231. In the electronics 

industries, materials are being developed for use in the 

manufacturing of electronic parts [224]. Photosensitive 

poly C imide siloxane) copolymers have been designed for the 

microlithographic process to produce printed circuits [225]. 

The copolyimides are also being evaluated as gas separation 

membranes [ 226 l. 

2.8.3 Atomic Oxygen Degradation 

After many years of manned space travel, it was thought 

that the development of materials that could withstand the 

elements in outer space over long term exposures had been 

successfully undertaken. However, functional materials were 
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developed for continual use at 22,300 miles, the operational 

height for geosynchronous orbit. At this altitude, vacuum, 

radiation, and thermal flux determine durability. In low 

earth orbit where the space shuttle resides, from about 150 

to 350 miles, by far the greatest problem is degradation and 

erosion of materials by highly-energized atomic oxygen. This 

type of material degradation was not considered a problem by 

designers until commonly used materials in the Space Shuttle 

missions began to show measurable visible material loss 

after only hundreds of hours in low earth orbit [227-229]. 

In order to obtain quantitative information on the 

interaction of some widely used spacecraft materials with 

conditions encountered in low earth orbits, NASA researchers 

have evaluated various polymeric systems in a Space Shuttle 

flight CSTS-8) experiment [230,231]. The materials evaluated 

included a series of aromatic polyimide films with varying 

backbone structures, crosslinked polydimethylsiloxane, and 

polyCimide siloxane) segmented copolymer systems prepared at 

Virginia Tech. The materials were mounted in the payload bay 

of the Shuttle and exposed to the low earth environment at 

an altitude of 225 miles for 42 hours. The results indicated 

that all polyimide films showed significant degradation. 

Materials containing ether linkages were especially 

susceptible [232]. The crosslinked polydimethylsiloxane and 

the polyCimide siloxane> copolymers, on the other hand, were 

stable under the same test conditions. Similar results have 
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been obtained by researchers at Lockheed [233] using an 

oxygen plasma reactor which simulates the effects associated 

with low earth orbit in the laboratory. In addition to 

polyimides, graphite fiber epoxy composites also showed poor 

stability under simulated low earth orbit conditions [234]. 

Ground-state, neutral atomic oxygen is the predominant 

species encountered in low earth orbit Csee Figure 12) 

[231]. This is the dissociation product of oxygen gas in the 

unshielded high-energy upper atmosphere. The atomic oxygen 

density is only on the order of 109 atoms/ cubic ·centimeter 

Cgas density at sea level under room temperature conditions 

is about 1019 molecules / cubic centimeters> and the atoms 

themselves have relatively low kinetic energies. It has been 

proposed, however, that spacecraf~ traveling in these orbits 

at 8 km/sec give the atomic oxygen a relative translational 

energy of SeV upon impact, sufficient to cause direct 

reaction between the atomic oxygen and the solid surfaces of 

the spacecraft [235,236]. The energy the atomic oxygen 

particle possesses on impact is sufficient to allow 

adsorption and scattering to occur. For higher energy 

phenomenon such as sputtering or penetration to occur, 

energies of 20 eV and 40 eV are required respectively. Thus, 

under flight conditions, only adsorption can alter the 

substrate through the formation of oxides which may form a 

surface layer or be lost through evaporation, sublimation, 

or some other process. 
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The apparent stability of polydimethylsiloxane and of 

the siloxane-rich poly ( imide si loxane) segmented copolymer 

thin film surfaces has also been explained. When attacked by 

atomic oxygen, 

ceramic-like 

the organosiloxane converts 

s i 1 icate structure which 

to an inorganic 

protects the 

underlying substrates from further degradation. Indeed, the 

reaction of polydimethylsiloxane to form silicon dioxide in 

the presence of oxygen plasmas is now well documented in the 

electronics industry (237-241]. NASA experiments have shown 

that polyCimide siloxane) block copolymers are promising 

candidates for atomic oxygen stable matrix resins, coatings, 

and structural adhesives. 
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III. EXPERIMENTAL 

3.1 Reagents and Purification 

In order to synthesize imide-containing materials of 

high molecular w.-dght and controlled composition, it was 

necessary to obtain extremely pure starting materials and to 

maintain anhydrous conditions throughout the synthetic 

processes. For these reasons, reagents and monomers were 

carefully purified by various techniques and polymerization 

solvents were distilled from drying agents using the 

apparatus shown in Figure 13. This apparatus easily 

accommodated various flask sizes (50 ml. to 2,000 ml.) and 

allowed for reduced pressure distillations with high yields. 

In all distillations, the constant boiling middle fraction 

was collected and stored in a round bottom flask fitted with 

a drying tube or sealed with a rubber septum. After 

distillation, the dried solvents were generally handled 

using syringe techniques to minimize atmospheric exposure. 

3.1.1 Reaction Solvents 

3.1.1.l N,N-Dirnethylacetamide <DMAC: Fisher) was dried by 

stirring over crushed calcium hydride or barium oxide for at 

least 12 hours. The dried solvent was then distilled under 

reduced pressure generated by a mechanical vacuum pump or 

water aspiration to avoid significant degradation. 
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Figure 13: Apparatus Used for the Distillation of Solvents 
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3.1.l.2 N-Methyl-2-Pyrrolidone CNMP: Fisher) was dried by 

stirring over crushed calcium hydride for at least 12 hours. 
~ 

The dried solvent was then distilled under reduced pressure 

generated by a mechanical vacuum pump to avoid significant 

degradation. Phosphorous pentoxide was also used instead of 

calcium hydride in certain cases where quantitative removal 

of amine impurities was a necessity (15-8]. 

3 .1.1. 3 N, N-Dimethylformamide C DMF: Fisher) was dried by 

stirring over crushed calcium hydride for at least 12 hours. 

The dried solvent was then distilled under mechanically 

generated vacuum conditions. 

3.1.1.4 N-Cyclohexyl-2-Pyrrolidone CCHP: GAF) was dried by 

stirring over crushed calcium hydride for at least 12 hours. 

The dried solvent was then distilled under a mechanical pump 

vacuum to avoid degradation. 

3.1.1.5 Tetrahydrofuran CTHF: Fisher) was dried over crushed 

calcium hydride for at least 12 hours. The dried solvent was 

then distilled at atmospheric press~re under inert gas 

purge. 

3.1.1.6 Dimethoxyethylether CDiglyme: Aldrich) was dried 

over crushed calcium hydride for at least 12 hours • The 

dried solvent was then distilled under reduced pressure via 
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water aspiration vacuum. 

3.1.2 Monomers 

3.1.2.1 Bisphenol-A (Bis-A: Dow Chemical> was obtained in 

high purity however recrystallization from toluene was 

necessary to afford monomer grade material. Accordingly, 100 

g of bisphenol-A was added to a one liter erlenmeyer flask 

and rinsed in with 400 ml of toluene. The mixture was 

stirred and heated to boil ·on a hot plate/stirrer. When 

complete solvation of the bis-A had occurred, the clear 

colorless solution ·.was allowed to cool to room temperature 

in the absence of agitation. To further induce 

crystallization, the flask was placed in an ice water bath 

for 30 minutes. The recrystallized bis#-A was then isolated 

via vacuum filtration and washed with cold toluene. The 

crystals were crushed and dried in a vacuum oven for 24 

hours at 80°C. The monomer was then bottled and stored in a 

desiccator until needed Cmp = 155 - 157°C, lit. = 155-

1570C}. 

3.1.2.2 p-aminophenol <Fisher} 

dark colored finely ground 

purification of this material 

was obtained as an impure 

powder. The successful 

involved the use of both 

recrystallization and sublimation techniques. To a one liter 

erlenmeyer flask, 550 ml of ethanol and 180 ml distilled 

water were added. Nitrogen was then bubbled through the 
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solution for 5 hours to deoxygenate the solution. After this 

very important step, 100 g of p-aminophenol was added to the 

flask. The mixture was heated to boil under a nitrogen 

blanket and the resulting dark solution was then allowed to 

cool quiescently to room temperature. Large crystals formed 

at the bottom of the flask while the solution remained dark. 

The slightly brown crystals were .isolated via vacuum 

filtration, washed with cold deoxygenated ethanol, and dried 

in a vacuum oven. Since successive recrystallizations failed 

to yield monomer grade material, purification efforts turned 

to vacuum sublimation. The dried recrystallized p-

aminophenol was placed in the bottom of the sublimator in 

successive portions and the cold finger was filled with a 

dry ice/acetone mixture. The sublimator was heated by an oil 

bath to 130°C and a mechanical pump ensured adequate vacuum. 

The extremely pure p-aminophenol obtained from this 

procedure was scraped from the cold finger, dried under 

vacuum, and stored under nitrogen in a dark bottle Cmp = 

190-191.5°C, lit.= 188 - 190°C). 

3.1.2.3 3,3'-diaminodiphenylsulfone CDDS: FIC Corporation> 

was obtained as a white finely ground powder Cm.p. = 163-165 

°C). Further purification was deemed necessary because 

condensation polymerizations employing this monomer as 

received failed to yield high molecular weight materials 

with predictable compositions. Similar to p-aminophenol, DDS 
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was purified by recrystallization from deoxygenated 

solvents. Therefore, 500 ml methanol was poured into an 

erlenmeyer flask and purged with nitrogen for at least 5 

hours. Approximately 50 grams of DDS was then added to the 

flask and complete solution was obtained upon boiling the 

methanol. At this point, hot deoxygenated water was added 

slowly to the DDS solution until the pr.ecipitation point was 

nearly reached. White crystals formed upon cooling the 

solution to room temperature. The crystals were isolated by 

vacuum filtration, washed with deoxygenated methanol, 

crushed, and dried in a vacuum oven for 12 hours at 70°C. 

The material was then bottled and stored in a desiccator 

until needed Cm.p. = 172-173 °C, lit.= 171 - 173°C). 

3.1.2.4 3,3'-diaminobenzophenone CDABP: Ash Stevens) was 

received as a crude bright yellow compound. The' material was 

easily purified however by the identical procedure used to 

recrystallize DDS. Accordingly, 30 g crude DABP was added to 

800 ml deoxygenated methanol and the mixture was heated to 

boil to effect solution of the monomer. Hot, deoxygenated 

water was then added until the precipitation point was 

approached. The faintly yellow needle-like crystals formed 

upon cooling the solution were isolated, washed, and dried 

in a vacuum oven for 12 hours at 70°C. The purified monomer 

was then bottled and stored in a desiccator until needed Cmp 

= 151 - 152°C, lit.= 152 - 153°C). 
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3. 1. 2 • 5 4, 4' -diaminodiphenylether COxydianiline) CODA: 

Fisher) was obtained as a light brown powder that was 

approximately 97% pure. Recrystallization from various 

deoxygenated solvents failed to yield polymerization grade 

material. However, vacuum sublimation techniques proved very 

successful in purifying ODA. Crude ODA was placed in the 

bottom of a sublimator and the cold finger was filled with a 

dry ice/acetone mixture. The temperature was then raised to 

190 - 210 °C at which time white crystals began to form on 

the cold finger. After approximately two hours, the 

accumulated crystals were scraped from the cold finger, 

dried in a vacuum oven, bottled, and stored under ni tr_ogen 

until used Cmp = 190 - 192d, lit.= 190 - 192d). 

3.1.2.6 3,3'-diaminodiphenylmethane C3,3'methylenedianiline) 

CMDA: Mitsui Toatsu> was received as a polymerization grade 

monomer and was successfully used to make high quality 

condensation polymers without further purification Cmp = 78-

800C, lit.= 80 - 82°C). 

3.1.2.7 2,2'-bisCaminophenyl>propane CBAP: Air Products and 

Chemicals Inc.) was obtained as a fine white powder of 

monomer grade purity and was used as received without 

further purification (mp= 124-126°C, lit.= 125 - 127°C). 
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3.1.2.8 Bis C 3-aminopropyl >tetramethyldisiloxane CDSX: 

Petrarch Systems Inc. or Silar Laboratories) was obtained in 

high purity and successfully used without further 

purification Cbp = 131 - 132°C, lit.= 132°C). 

3.1.2.9 Octamethylcyclotetrasiloxane CD4: Union Carbide or 

Petrarch Systems Inc.> was obtained as a clear colorless 

liquid and used without further purification Cbp = 173-

1740C, lit. = 175 - 176°C) • 

. 3 • 1 • 2 • 1 0 3 , 3 ' 4 , 4 ' - be n z op hen one tetra car boxy 1 i ca c id 

Dianhydride CBTDA: Chriskev Company> was obtained as a fine 

white powder of essentially monomer grade purity. This 

compound was suff ici~ntly pure to be used directly if it was 

first placed in a forced air convection oven at 150°C for 12 

hours immediately prior to use Cmp = 224-226°C, lit. = 225-

226.50C). This thermal treatment served to reform the 

anhydride moieties from any remaining diacid functionalities 

Cthe main impurity in dianhydrides [242]). To purify lower 

grade BTDA, sublimation or recrystallization techniques 

[242] are recommended. 

3.1.2.11 Pyromellitic Dianhydride CPMDA: Chriskev Company) 

was received as a fine white powder of monomer grade purity. 

The only purification involved placing the monomer in a 

forced air convection oven at 150°C for 12 hours before its 
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actual usage Cmp = 284-286°C, lit. = 285-286°C). This 

procedure minimized the existence of the diacid 

functionalities by cyclodehydrating these impurities back to 

dianhydride species (242]. Recrystallization or sublimation 

[ 242] may be used to purify PMDA containing significant 

concentrations of other impurities. 

3.1.2.12 2,2-bis-( 3,4-dicarboxyphenyl)hexafluoropropane 

Dianhydr ide C 6F: American Hoechst Corp. > was obtained as a 

purified grade material (99 % purity> and dried in a forced 

air convection oven for at · least 12 hours at 150°C 

immediately prior to 

monomer grade after 

use. The white solid was essentially 

this treatment and no further 

purification was deemed necessary (mp = 245 - 247°C, lit. = 
245 - 246.5°C). 

3.1.2.13 Trimellitic Anhydride Acid Chloride CTMAC: Aldrich) 

was received as a white solid containing small amounts of 

trimellitic anhydride, the monoacid impurity. 

Recrystallization involving selective salvation was chosen 

as the method of purification in this case. A saturated 

solution of crude TMAC was prepared by adding excess amounts 

of the raw material to 800 ml hexanes in an erlenmeyer 

flask. The monomer-solvent mixture was then heated to boil 

to dissolve as much TMAC as possible. Because the monoacid 

impurity, tr imelli tic anhydride, is insoluble in the 
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nonpolar hexanes solvent, the recrystallization solution 

remains cloudy throughout this process. At this point, the 

boiling solution was filtered through fluted filter paper 

into a second erlenmeyer flask. An additional amount of 

boiling hexanes was added and allowed to drain through the 

filter paper to redissolve TMAC that may have crystallized 

on the filter paper during the filtration process. The clear 

colorless solution in the second erlenmeyer flask was now 

allowed to cool to room temperature, upon which time large 

needle-like crystals of pure TMAC began to form. To further 

induce crystallization, the flask was placed in an ice water 

bath for several hours. The monomer grade TMAC was then 

isolated via filtration, washed with cold hexanes, dried in 

a vacuum oven at room temperature, and stored under nitrogen 

in a refrigerator until needed (mp = 67-69 °C, lit. = 66-

68 °C). This procedure was adequate to obtain significant 

quantities of pure TMAC for laboratory scale reactions. If 

large amounts of pure TMAC are required, purification via 

vacuum distillation may be the method of choice [242]. 

3.1.2.14 Phthalic Anhydride (Aldrich) was received as a 

certified grade material of nominal purity. The raw material 

could be easily sublimed, however, to yield highly pure 

phthalic anhydride. The crude product was placed in the 

bottom of a vacuum sublimator and the cold finger was filled 

with a mixture of dry ice/ acetone. Upon warming the raw 
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material under vacuum conditions, phthalic anhydride readily 

sublimed onto the cold finger. This material was isolated, 

vacuum dried, and stored in a sealed bottle under a blanket 

of nitrogen until needed Cmp = 131-132°C, lit. = 132-

1340C). 

3 .1. 2 .15 Triethylamine (TEA: Aldrich) was utilized as an 

acid acceptor for polymerizations liberating HCl. To 

preserve anhydrous conditions during these polymerizations, 

the triethylamine was dried ove-r crushed calcium hydride and 

distil led under a nitrogen blanket prior to use. Like the 

distilled solvents, purified TEA was stored in a round 

bottom flask fitted wl.th a rubber septum and handled using 

syringe techniques Cbp = 87 - 88°C, lit.= 88.8°C>. 

3.2 Synthesis of CNon)functional Oligomers and Polymers 

All imide-containing monomers, homo-, and copolymers 

were synthesized through the classical two-step method 

initially involving the generation of soluble amic acid 

precursors through the reaction of aromatic and/or aliphatic 

amines with aromatic anhydrides. The amic acid intermediates 

were then thermally cyclodehydrated by two different methods 

to form the irnide moieties. 

The arnic acid-containing materials were synthesized in 

an apparatus similar to the one shown in Figure 14. This 

standard apparatus consisted of a 3 neck round bottom flask, 
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Figure 14: Apparatus Used for the Synthesis of Poly(amic 
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overhead stirrer, inert gas 

funnel (optional), and a 

apparatus was flamed under 

inlet, thermometer, addition 

drying tube. The assembled 

inert gas purge immediately 

before every 

Representative 

reaction 

synthetic 

to remove residual moisture. 

procedures will be outlined to 

synthesize various amic acid-containing intermediates based 

on BTDA or TMAC as the anhydride and either 3, 3' -

di aminodiphenylsulfone or oxydianiline as 

diamine. 

the chosen 

The siloxane-containing poly< amic acid) intermediates 

were synthesized by three methods differing only in the mode 

of reactant addition. Representative synthetic procedures 

will be outlined for each method as well as the experimental 

limitations of each method. 

3. 2 .1 Aminopropyl-Terminated Polydimethylsiloxane Oligomers 

These oligomers were synthesized in bulk through an 

anionic equilibration 

disiloxane and 04, the 

reaction involving aminopropyl 

cyclic siloxane tetramer. The 

reaction was carried out in a 3-necked round bottom flask 

fitted with a mechanical stirrer, inert gas inlet, 

thermometer, condenser, and drying tube. In a typical 

reaction to synthesize an 800 g/mole aminopropyl-terminated 

polydimethylsiloxane oligomer, 80.00 g <0.3219 moles) of 

bis<3-aminopropyl)disiloxane along with 177.54 g <0.5986 

moles) of 04 were introduced to the flask. The derivation of 
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these reactant quantities is shown in Scheme 21. The flask 

was heated, with stirring, to 80°C and 2.57 g Cl.O wt. %) of 

tetramethylarnmonium siloxanolate was added. The reaction was 

maintained at 80 °C for 48 hours to ensure complete 

equilibration. The temperature was then raised to 150°C for 

3 hours to decompose the catalyst. After cooling, the 

product was transferred to a vacuum distillation apparatus 

and the cyclics were removed via vacuum stripping. The 

molecular weight determined by potentiometric titration of 

the primary amine end groups with 0 .1 N alcoholic HCl was 

880 g/mole. 

3.2.2 High Molecular Weight PolyCamic acid) 

A three neck 250 ml flask was equipped as shown Cminus 

the addition funnel> and flamed. Next, 9. 0000 g of 3, 3' DDS 

C0.03625 moles> was added to the flask and rinsed in with 50 

ml dry NMP, DMAC, or diglyme. After complete solution, 

11.6797 g C0.03625 moles> powdered BTDA was added slowly to 

the rapidly stirring diamine solution and washed in with 30 

more ml of the chosen reaction solvent. An exotherm of 10 to 

15 °C was initially observed upon addition of the solid 

dianhydride. This reaction exotherm subsided in 

approximately 20 minutes. The reaction was allowed to 

proceed for eight hours during which time the solution 

viscosity rose steadily. The resulting clear viscous 

polyCamic acid) solution was bottled and stored at -10°C 
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Scheme 21 

Example Calculation for the Synthesis of 
Aminopropyl-Terminated Polydimethylsiloxane Oligomers 

Molecular weight of oligomer desired = 800 g/m 
Molecular weight of disiloxane CDSX) = 248.5 g/m 
Molecular weight of D4 = 296.6 g/m 

800 g/m Coligomer molecular wt. desired) 
-248.5 g/m Cmolec. wt. of DSX) 

551.5 g/m CD4 required) 

If one chooses to start with 80 g DSX then: 

551.5 g/m x 80 g 
grams of 04 needed=------------------ = 177.54 g 

248.5 g/m 

Total amount of oligomer will be 80 g + 177.54 g = 257.54 g 
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until needed. 

3. 2. 3 Di functional Phenolic-Terminated Poly ( amic acid) 

oligomer 

A 250 ml three neck flask was incorporated into the 

standard apparatus shown in Figure 14. Recatant quantities 

were calculated using the general method outlined in Scheme 

22. To synthesize an oligomer with a theoretical molecular 

weight of 4000 g/mole, 14.4014 g 3,3'DDS (0.05800 moles) and 

2.0371 g p-aminophenol <0.01867 moles> were added to the 

reaction flask along with 48 ml freshly distilled NMP. A 

solution of BTDA (21.4179 g, 0.06648 moles) in 100 ml NMP 

was placed in the addition funnel. The BTDA solution was 

then added to the stirring amine solution over a 10 minute 

period. An exotherm of approximately 3°C accompanied this 

addition process. The reactants were then stirred for an 

additional eight hours at room temperature to allow the 

reaction to proceed to completion. The resulting polyCamic 

acid) solution was then bottled and stored at -10°C until 

needed. Theoretically, a wide range of target molecular 

weights and end group functionalities could be achieved 

using this procedure by altering the calculated reactant 

charge (based on the Carothers equation) and by changing the 

nature of the functional capping reagent. Phenolic 

terminated oligomers were the only materials investigated 

during the scope of this thesis however. 
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Scheme 22 

Example Calculation for the Synthesis of 
Molecular Weight Controlled Poly(amic acid) 

Molecular weight of oligomer desired 
Molecular weight of BTDA I 3,3'-DDS repeat unit 

= 4,000 g/m 
= 570.53 g/m 

Dp = degree of polymerization 
r = stoichiometric imbalance ratio 

Na = moles of diamin 
Nb = moles of dianhydride 

2Nb moles monofunctional reagent (p-aminophenol) 

Mn oligomer desired Op - 1 
Op = 2 x ------------------ r = -------

Mn repea_t unit Op + 1 

For 4,000 g/m target: 

Op= 14.02 r = 0.87 

and: 

Na 
r = --------- 2Nb' = 0.28 moles p-aminophenol 

Nb + 2Nb' 

Reactant quantities: 

Monomer 

BTOA 
3,3'-DDS 
p-aminophenol 

MW 

322.23 
248.30 
109.13 

Moles 

1 
0.87 
0.28 

grams I 15 

21.4179 
14.4014 

2.0371 
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3.2.4 Molecular Weight Limited Poly(amic acid> 

The standard reaction apparatus was again employed 

using a 250 ml three neck flask. After flaming the 

apparatus, 19.1000 g C0.07692 moles) 3,3'DDS was added to 

the flask and dissolved by the addition of 48 ml DMAC or 

NMP. A solution of BTDA (21.5623 g,- 0.06692 moles) and 

phthalic anhydride (3.1900 g, 0.02154 moles) in 100 ml of 

the same reaction solvent was placed in the addition funnel. 

The anhydride solution was then added to the stirring 

diamine solution over a 10 minute period. A slight reaction 

exotherm of 3°C was detected during this addition period. To 

allow the polyCamic acid) to form, the reactants were 

stirred at room temperature for eight hours. The resulting 

polymer C theoretical molecular weight = 4, 000 g/mole) was 

bottled and stored at -10 °C until needed. Again, applying 

this procedure to react calculated amounts of reactants 

based on the Carothers equation yielded poly Camic acids) 

differing in theoretical molecular weights. 

3.2.5 Bisphenol Amie Acid Model Compound 

The standard reaction apparatus, minus the addition 

funnel, was assembled and flamed. Then, 10.6681 g p-

aminophenol C0.09787 moles) was introduced into the flask 

and rinsed in with 60 ml dry NMP. After solvation had 

occurred, BTDA (15.0000 g, 0.04655 moles) was added to the 
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stirring p-aminophenol solution along with 50 ml dry NMP. 

The reaction was allowed to proceed for one hour at room 

temperature. The amic acid solution was then stored under 

low temperature conditions until needed. 

To imidize the material, 25 ml CHP and was added to a 3 

neck 500 ml round bottom flask fitted with a mechanical 

stirrer, nitrogen inlet, thermometer, Dean Stark trap, 

condenser, and drying tube (Figure 15). The solvent mixture 

was then heated to 170°C. After this, the amic acid solution 

was added in aliquots to the heated CHP and the reaction 

temperature was maintained at l 70°C for 12 hours during 

which time imidization took place. After 12 hours had 

elapsed, heating was discontinued and the dark solution was 

diluted with 100 ml NMP. The pale yellow bisphenol imide 

(BPI) monomer precipitated from the reaction solution upon 

cooling. This precipitate was isolated by filtration, washed 

in a rapidly stirring blender with acetone, refiltered, and 

dried under vacuum at 120°C for 24 hours. The pale yellow 

BPI compound was obtained in 84 percent yield (mp greater 

than 300°C). 

3.2.6 High Molecular Weight Poly(amide amic acid) 

Oxydianiline (4.0000 g, 0.0200 moles) was added to the 

standard reaction apparatus, minus the addition funnel, and 

dissolved in 40 ml of NMP or DMAC. After complete salvation 

of the diamine had taken place, 3.0 ml (0.0220 moles) 
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triethylamine was added and the entire solution was cooled 

below -10°C. Solid TMAC (4.2064 g, 0.0200 moles) was added 

slowly to the stirring amine solution to minimize the 

possibility of extreme reaction exotherms due to the 

consumption of acid chloride. Immediately upon addition of 

the TMAC, triethylamine-hydrochloride salt was observed to 

precipitate from solution. The reaction temperature was 

maintained below -10°C for an additional 30 minutes to 

ensure controlled reaction of most of the acid chloride. At 

this point the dry ice/acetone bath was removed and the 

reaction temperature was allowed to reequilibrate to room 

temperature so the anhydride moiety could react. After four 

hours reaction time at room temperature the viscous 

polyCamide amic acid) solution was filtered through a 

sintered glass funnel to remove the tertiary amine-HCl salt 

complex. The clear polymer solution was then stored at -10°C 

until needed. 

3.2.7 PolyCamic acid siloxane) 

3.2.7.1 Method 1 "Conventional Addition" 

This mode of addition, modeling the conventional way 

polyCamic acids) are synthesized, was accomplished by 

employing one of three possible cosolvent systems; DMAC/THF, 

NMP/THF, and diglyme/THF. If DMAC or NMP was used in 

conjunction with THF, siloxane oligomers with molecular 

weights of 2000 <Mn> or less could be quantitatively reacted 
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in reproducible fashion during the synthetic process. For 

the diglyme/THF cosolvent system, polysiloxanes with 

molecular weights as high as 1000 <Mn> could be 

incorporated. With all cosolvent systems, synthetic 

procedures incorporating as low as 5 weight percent to as 

high as 60 weight percent siloxane were carried out with 

complete success. 

3.2.7.1.1 10 Weight Percent Siloxane Composition 

CSiloxane <Mn> = 1,000 g/m> 

Total reactant quantities employed in the synthesis of 

this copolymer were 1.0000 g polysiloxane oligomer, 3.8000 g 

3, 3' -DDS, 5. 2710 g BTDA, 30 ml THF, and 30 ml DMAC, NMP, or 

diglyme. The standard reaction setup, minus the addition 

funnel, was assembled and flamed. Then, 1.0000 g of -1000 Mn 

aminopropyl polydimethylsiloxane C0.0010 moles) and 3.8000 g 

of 3,3'-DDS C0.0153 moles) were added to the flask along 

with a cosolvent mixture of 20 ml THF and 10 ml DMAC, NMP, 

or diglyme. After solution had been achieved, BTDA (5.2710 

g, 0.0163 moles) was added to the clear reaction mixture 

along with 20 ml DMAC, NMP, or diglyme and 10 ml THF. A 10 

to 15 °C exotherm accompanied this addition of solid 

dianhydr ide. The reaction was allowed to proceed for eight 

hours at room temperature during which time the solution 

viscosity rose steadily. A clear viscous golden-colored 

poly Camic acid siloxane) solution was obtained and stored 
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under low temperature conditions C-10°C) until needed. 

3.2.7.1.2 40 Weight Percent Siloxane Composition 

CSiloxane <Mn> = 900 g/m) 

This particular sample was synthesized with 19.9469 g 

polysilox-ane oligomer, 9.9204 g 3,3'-DDS, 20.0137 g BTDA, 

170 ml THF, and 90 ml DMAC, NMP, or diglyme. The -900 <Mn> 

polysiloxane oligomer (19.9469 g, 0.02216 moles) and 9.9204 

g of 3,3'-DDS C0.03995 moles) were added to the reaction 

apparatus shown in Figure 14. The addition funnel was not 

needed and therefore not included in the setup. The monomers 

were then dissolved in 120 ml THF and 70 ml of either DMAC, 

NMP, or diglyme. Next, solid BTDA 20.0137 g, 0.06211 moles) 

was added to the stirring homogeneous diamine solution and 

washed in with 50 ml THF and 20 ml of DMAC, NMP, or diglyme. 

Again, a 10 to 15 degree exotherm was observed upon addition 

of the dianhydr ide. The reactants were allowed to stir for 

an additional 8 hours. At the completion of the reaction, 

the clear slightly viscous yellow-colored reaction solution 

was bottled and stored under appropriate conditions until 

needed. 

3.2.7.2 Method 2 "Capping Process" 

This synthetic method expanded to usefulness of the 

cosol vent system in that polysiloxanes of higher molecular 

weights could be successfully incorporated. The diglyme/THF 
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cosolvent could not be used with this "reverse" mode of 

addition however because of the limited solubility of BTDA 

in dig lyme. If the DMAC/THF co solvent sys tern was employed, 

polysiloxanes of 10 ,000 <Mn> (the highest molecular weight 

evaluated> could be successfully incorporated in amounts 

ranging from 5 to 40 weight percent. The NMP/THF cosolvent 

system was not as versatile due to the fact that oligomers 

over 5, 000 g/m could not be reproducibly incorporated in a 

quantitative manner. 

3.2.7.2.1 10 Weight Percent Siloxane Composition 

CSiloxane <Mn> = 10,000 9/m> 

Total reactant and solvent quantities involved in the 

synthesis of this particular copolymer were 1.5695 g 

polysiloxane oligomer, 6.1255 g 3,3'-DDS, 8.0000 g BTDA, 100 

ml THF, and 35 ml DMAC. The standard reaction setup (Figure 

14 > was prepared and BTDA C 8. 0000 g, 0. 02483 moles> was 

added to the flask and rinsed in with 20 ml DMAC and 70 ml 

THF. Next, 1.5695 g of 10,000 <Mn> 

bisCaminopropyl)polydimethylsiloxane oligomer C0.0001569 

moles> and 10 ml THF were placed in the addition funnel and 

added dropwise to the stirring dianhydride solution over a 

10 minute period. No reaction exotherm was observed during 

this addition. After stirring for an additional 5 minutes, 

6.1255 g (Q.02467 moles) 3,3'-DDS was added to the clear 

solution as a chain extender along with 15 ml DMAC and 20 ml 
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THF. A 7 to 10 degree exotherm was observed and subsided 

after approximately 15 minutes. The reaction was then 

allowed to proceed for eight hours. The resultant clear 

reaction solution was again stored under low temperature 

conditions. 

3.2.7.2.2 40 Weight Percent Siloxane Composition 

CSiloxane Mn = 900 g/m> 

The total reactant and solvent quantities required in 

this case were 19.9469 g polysiloxane oligomer, 9.9024 g 

3,3'-DDS, 20.0137 g BTDA, 170 ml THF, and 90 ml DMAC CNMP). 

The synthetic reaction apparatus was assembled and flamed. 

Next, BTDA C20.0137g, 0.06211 moles) was added to the round 

bottom flask along with 70 ml DMAC CNMP) and 120 ml THF. The 

-900 <Mn> polysiloxane oligomer Cl9.9469 g, 0.02216 moles) 

was placed in the addition funnel along with 20 ml THF. The 

siloxane solution was then dripped into the stirring 

dianhydride solution over a 10 minute period. No exotherm 

was observed. After an additional 5 minutes reaction time, 

9.9024 g C0.03995 moles) of solid 3,3'-DDS was added to the 

flask along with 20 ml DMAC CNMP) and 30 ml THF. Again, a 

slight reaction exotherm was observed. The molecular weight 

was then allowed to build for 8 hours. The resultant clear 

yellow-colored 

bottled and 

needed. 

slightly viscous reaction solution was 

stored under appropriate conditions until 
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3.2.7.3 Method 3 "Modified Capping Process" 

This method proved to be the most versatile of all the 

addition modes because polyCamic acids) containing siloxane 

o 1 i gomers spanning the entire molecular weight and 

composition ranges studied were successfully synthesized in 

either the DMAC/THF or NMP/THF cosolvent systems. The 

success of this method relative to method 2 was based on the 

controlled addition of the aromatic diamine in its solvated 

state. Method 3 was employed in most cases because of its 

great synthetic utility and increased reproducibility, 

especially when utilizing the NMP/THF cosolvent system. 

3.2.7.3.1 10 Weight Percent Siloxane Composition 

CSiloxane <Mn> = 5,000 g/m> 

To synthesize this particular copolymer, 1.5433 g 

polysiloxane oligomer, 5.9400 g 3,3'-DDS, 7.8082 g BTDA, 93 

ml THF, and 50 ml DMAC CNMP) were employed. The dianhydride, 

BTDA (7.8082 g, 0.02423 moles), was added to a 250 ml round 

bottom flask equipped and treated in the standard way. Next, 

30 ml DMAC (NMP) and 58 ml THF were added to dissolve the 

BTDA. Then, 1.5433 g of the 5,000 g/m aminopropyl-

terminated polydimethylsiloxane oligomer C 0. 0003086 moles> 

and 10 ml THF were placed in the addition funnel and added 

dropwise to the stirring dianhydride solution over a 10 

minute period. A solution of 5.9400 g 3,3'-DDS C0.02392 
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moles> in 20 ml DMAC (NMP > and 25 ml THF was then placed 

into the addition funnel. The dissolved diamine was added 

slowly to the homogeneous dianhydride/siloxane solution with 

stirring. Very slight reaction exotherms ( 2 to 4 °C) were 

observed when the two solutions were initially reacted. The 

reaction was again allowed to proceed for eight hours after 

complete addition of the diamine had been accomplished. The 

clear viscous golden-colored reaction solution was bottled 

and stored under low temperature conditions. 

3.2.7.3.2 60 Weight Percent Siloxane Composition 

(Siloxane <Mn> = 2,000 g/m) 

This sample was synthesized using 10.1176 g 

polysiloxane oligomer, 2.2451 g 3,3'-DDS, 4.5438 g BTDA, 85 

ml THF, and 50 ml NMP ( DMAC) • The apparatus in Figure 14, 

employing a 250 ml round bottom flask, was assembled and 

flamed. Then, 4.5438 g BTDA (0.01410 moles) was dissolved in 

the flask with 30 ml NMP (DMAC) and 35 ml THF. Next, 10.1176 

g of a polysiloxane oligomer < 2, 000 <Mn>, 0. 005059 moles) 

was placed in the addition funnel along with 20 ml THF. The 

siloxane solution was added to the stirring dianhydride 

solution over a 10 minute period. A solution of 2.2451 g 

3,3'-DDS (0.009042 moles) in 20 ml NMP (DMAC) and 30 ml THF 

was then placed in the addition funnel. A calculated amount 

of phthalic anhydride could also be placed in the reaction 

flask at this point, if desired, to limit the molecular 
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weight of the resulting copolymer. The diamine solution was 

added to the homogeneous siloxane/dianhydride solution with 

stirring to form the poly< amic acid siloxane > copolymer. 

Slight reaction exotherms of 2 to 4°C were observed at times 

during the actual addition process. After a reaction time of 

8 hours, the homogeneous yellow-colored slightly viscous 

polymer solution was bottled and adequately stored. 

3.2.8 PolyCamide amic acid siloxane) 

Although many monomer combinations are possible using 

the following synthetic procedure, TMAC, ODA, and a 

polysiloxane oligomer C<Mn> = 1200 g/m) were the only 

comonomers investigated during the scope of this thesis. 

S iloxane oligomer incorporation ranged from 5 to 50 weight 

percent and samples were prepared exclusively by the 

procedure described. An experimental process will be 

outlined to· synthesize a sample containing 25 wt. percent 

siloxane. 

To the standard reaction setup, minus the addition 

funnel, was added 3.4200 g oxydianiline C0.01708 moles)'· 

2. 5000 g of -1200 Mn bis Caminopropyl > polydimethylsiloxane 

oligomer C0.002119 moles), 25 ml DMAC and 35 ml THF. After 

solution of the reactants, 2.8 ml triethylamine C0.0213 

moles) was added and the entire solution was cooled below-

100C using a dry ice/acetone bath. At this point, 2.5000 g 

solid TMAC C0.01920 moles) was added slowly to the stirring 

137 



amine solution and washed in with 20 ml DMAC and 10 ml THF. 

Slow addition was required to control the reaction exotherm. 

After 30 minutes reaction time below -10°C, the temperature 

of the solution now containing the triethylamine-HCl complex 

was allowed to reach room temperature so the anhydride 

moiety could react. After an additional four hours reaction 

time at room temperature, the clear viscous polyCamide ainic 

acid siloxane) solution was filtered through a sintered 

glass funnel to remove the salt precipitate and stored under 

low temperature conditions until needed. 

3.2.9 Imidization of amic acid intermediates 

3.2.9.1 Method 1 (bulk imidization) 

All polymers described above were cyclized to the 

polyimide using the identical "cure" schedule described 

herein. First, the preformed polyCamic acid) homo- or 

copolymer in its original reaction solution was removed from 

the freezer and allowed to come to room temperature. An 

aliquot of the solution was then poured onto a clean dry 

glass plate and drawn into a smooth flat film with a drawing 

bar set at thicknesses ranging from 5 - 50 mils. The glass 

plate was then placed in a level vacuum oven set at 70-

800C and the vacuum was gradually raised to full vacuum Cone 

hour) via mechanical pump. The polymer was kept under full 

vacuum for an additional hour to remove most of the reaction 

solvents. The glass plate was then placed in a forced air 
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convection oven set at 100°C for one hour. The temperature 

was then raised to 200°C for another hour and then finally 

raised to 300°C for one hour [270°C for poly<amide imide) 

and poly(amide imide siloxane) copolymers]. After slow 

cooling, the film was gently removed from the plate using a 

razor blade to initially pry up one small section of the 

film. Generally, the film would release in a few minutes, 

but some specimens had to be coaxed up by applying a slight 

peeling motion. 

3.2.9.2 Method 2 (Solution Imidization) 

This method was also highly versatile in that it was 

applicable to a large number of amic acid-containing homo-

and copolymers and functional monomers ranging greatly in 

chemical composition. The only stipulation was that the amic 

acid be synthesized using the higher boiling NMP as a 

reaction solvent instead of DMAC or diglyme. Also, the 

solution imidizations were run at a total solids content 

ranging from 10 to 20 percent using an NMP/CHP cosolvent 

ratio of approximately 80/20. A detailed procedure will be 

outlined to solution imidize a poly<amic acid siloxane) 

sample containing 10 wt. percent siloxane <siloxane Mn = 950 

g/mole). The poly(amic acid siloxane), 20 grams total, was 

synthesized as outlined above by the modified capping 

procedure <method 3) and was present in its original 

reaction solution consisting of 60 ml. NMP and 60 ml THF. 
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A multineck 500 ml round bottom flask was fitted with a 

mechanical stirrer, nitrogen inlet, thermometer, Dean Stark 

trap, condenser, and drying tube. Figure 15 illustrates the 

various components in their final assembled form. Next, 36 

ml NMP and 24 ml CHP were added to the flask and heated to 

165°C. The previously synthesized polyCamic acid siloxane) 

in its original NMP/THF solution was tnen added to the flask 

in aliquots. The THF boiled rapidly and was efficiently 

removed from the system by the steady inert gas flow and 

collected in the Dean Stark trap. The solution imidization 

was then allowed to proceed for 14 hours at 160°C, ·.after 

which time the dark viscous so·lution was cooled to room 

temperature and diluted to 10 percent solids using NMP or 

DMAC. The polyCimide siloxane) was then isolated by 

precipitation in a rapidly stirring methanol/water C 50/50) 

solution, followed by vacuum drying at 100°C. Copolymer 

samples containing higher amounts of siloxane were 

precipitated into methanol/water solutions containing 

approximately 80 percent water. If further purification of 

the final product was necessary, it was redissolved in DMAC 

and reisolated in the manner just described. PolyCimide 

siloxane) was obtained in 85% yield. Other precipitation 

mediums, largely uninvestigated to this date, may be more 

effective at isolating the final product in highly pure form 

from a single precipitation step. 
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Figure 15: Apparatus Employed for Solution Imidization 
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3.3 Analysis of Reagents and Polymers 

3.3.1 Solvent Water Contents 

All distilled reaction solvents were analyzed for 

residual water content immediately prior to use as a 

polymerization medium. Solvents were analyzed using a Karl-

Fisher automated water titrator. Any reaction solvent 

containing greater than 100 ppm water was redistilled from a 

suitable drying agent prior to use. 

3.3.2 Titration of Functional Monomers and Oligomers 

Titrations of functional monomers and oligomers were 

carried out using a Fisher Scientific Titrimeter II 

automatic potentiometric titrator operating in the automatic 

endpoint seeking mofte. A standard calomel electrode and the 

reference electrode were employed and stored in a buffer 

solution when not in use. 

In general, the functional material to be titrated was 

weighed out in a beaker, solvent was added, and the solution 

was stirred until complete solvation of the material had 

been accomplished. The electrodes were then inserted into 

the solution and the titration was begun. When the endpoint 

was reached, the final potential in millivolts was noted and 

the endpoint volume recorded by the computer. A blank 

titration (sol~ent only) was performed under similar 

conditions by titrating the exact volume of solvent used 

with the same titrant until the endpoint potential was 
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reached. After the blank volume was subtracted from the 

endpoint value, the molecular weight of the sample was 

calculated by the computer using the relationship: 

Mn = ( wt ) ( N ) I ( C ) ( V) 

where "wt" is the weight of sample added, "N" is the number 

of endgroups per molecule, "C" is the concentration of the 

titrant, and "V" is the corrected volume of titrant used. 

3.3.2.1 Titration of Phenolic-Terminated Materials 

These materials were dissolved in 60 ml dry freshly 

distilled DMAC or NMP and ti.trated with 0 .1 N alcoholic 

tetramethylamrnoniurn hydroxide as reported ·earlier [243]. 

Based on the theoretical molecular weight of the material, a 

sample weight was used which would give an endpoint of 1. 0 

ml. 

3 • 3 • 2 • 2 Titration of Aminopropyl Polydimethylsiloxane 

Oligomers 

The aliphatic primary amine endgroups were successfully 

titrated with 0.1 N alcoholic HCl. The oligomers were 

generally dissolved in 70 ml isopropanol. 

3.3.3 Intrinsic Viscosities 

Relative molecular weights of the various polymers and 

oligomers were measured through the use of intrinsic 

viscosities. The data were obtained using Cannon-Ubbelohde 
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dilution viscometers with capillary sizes chosen to keep 

flow times greater than 100 seconds. Samples were generally 

dissolved in NMP or DMAC and run at 25°C. Intrinsic 

viscosity values were obtained using four different 

concentrations and the data were analyzed by a linear 

extrapolation to zero concentration. Samples containing amic 

acid functional groups were dissolved ~n NMP distilled from 

phosphorous pentoxide for analysis. 

3.3.4 Gel Permeation Chromatography 

Gel permeation chromatography was used as a qualitative 

measure of the molecular weights and molecular weight 

distributions of various. polymer and oligomer samples. GPC 

traces were obtained in THF solutions using a Waters 

instrument fitted with ultrastyrogel columns. The instrument 

was also equipped with ultraviolet and refractive index 

detectors. The flow rate was generally 1.0 ml per minute. 

3.3.5 Fourier Transform Infrared Spectroscopy 

Kinetic studies moni taring the progress of the amic 

acid-imide transformation were undertaken using a Nicolet 

MX-1 spectrophotometer. Samples were removed during the 

course of the imidization procedures and analyzed either as 

free standing thin films or as thin solution cast coatings 

on salt plates. Low molecular weight species were run as KBr 

pellets. FT-IR bands in the absorption spectra occurring at 
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1778 cm-1 and 725 cm-1 were used to monitor the appearance 

of imide structures. The absorbance at 1546 cm-1 was studied 

to evaluate the disappearance of amic acid. Fingerprint 

regions were expanded to enhance the identification of the 

spectra. 

3.3.6 Proton Nuclear Magnetic Resonance 

Chemical composition information was obtained in the 

form of proton nuclear magnetic resonance spectra using an 

IBM 270 MHz instrument. For analysis, samples were dissolved 

in deuterated DMSO at concentrations of 3 to 5 percent and 

were run at room temperature. Methylene chloride was used as 

the lock reference because the familiar tetramethylsilane 

resonance was not base line resolved from the 

polydimethylsiloxane resonances in the samples. The 

integration values for the peaks due to the siloxane methyls 

and the aromatic protons were ratioed to calculate the 

amount of siloxane in the sample using the relation: 

[ICA) x MCA)] / NCA) x 100 = %A 

[ICA) x MCA)] INCA) + [ICB) x MCB)] I NCB) 

where ICn> is the integrated intensity of the peak due to 

component n, MCn> is the repeat unit molecular weight of 

component n, and NC n > is the number of protons giving rise 

to peak n. 

3.3.7 Differential Scanning Calorimetry 
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Glass transition temperatures of the polymers and 

oligomers were determined on a Perkin-Elmer Model DSC-II. 

The temperature range covered was from -150°C to +300°C and 

was scanned in two steps. For subambient runs, -150°C to 

+25 ° c, liquid nitrogen was used to cool the sample chamber 

and a helium gas atmosphere was used to prevent condensation 

on the probes. Ambient scans, +25°C _to +300°C, were run 

under a nitrogen atmosphere. The heating rate was held 

constant at 10 °C per minute and samples were scanned at 

least two times to accurately determine the Tg values. Glass 

transition temperatures were taken as the midpoint of the 

change in slope of the baseline. 

3.3.8 Dynamic Mechanical Analysis 

Certain primary transitions were also determined using 

a Polymer Laboratories Dynamic Mechanical Thermal Analyzer. 

Free standing films ranging in thicknesses from 2 to 15 mils 

were used in the measurements. The heating rate was set at 

5 °C per minute and the frequency was held constant at 1 Hz. 

Both storage modulus and tan delta curves were obtained. 

3.3.9 Thermogravimetric Analysis 

In order to assess the relative thermal stabilities of 

the homo- and copolymer samples, thermogravimetry techniques 

were employed. A Perkin-Elmer System-2 thermogravimetric 

analyzer along with a System 4 Microprocessor temperature 
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controller was utilized. Thin film or powder samples were 

placed in .the platinum pan which was connected to an 

electronic microbalance. The sample was then heated at a 

constant rate of 10 °C per minute under a flowing air or 

nitrogen atmosphere and the weight loss was monitored as a 

function of time. The temperature range examined was 30°C to 

800°C. 

3.3.10 Mechanical Property Analysis 

Mechanical properties were measured on an Instron Model 

1122. Tensile evaluations were made on solution cast films 

ranging in thickness from 3 to 6 mils. Dog-bone shaped 

samples with a gauge length of 10 mm and a gauge width of 

2. 76 mm were cut from the thin films using a die. The 

samples were clamped between two pneumatic clamps and 

elongated at a rate of 5 or 10 millimeters per minute under 

ambient conditions. Yield strength, yield strain, tensile 

strength and tensile strain were calculated from the 

generated stress strain plots. The tensile modulus was 

determined by calculating the slope in the stress-strain 

curve at four percent elongation. The results reported were 

an average of three to five samples. 

3.3.11 Water Uptake 

The water uptake of several homo- and copolymers was 

evaluated at 23°C. Samples of polymer films (2.0 x 2.0 x 
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0.05 cm) were immersed into a distilled water bath at 

constant temperature and the weight gains were determined 

gravimetrically using an analytical balance. The samples 

were removed from the water periodically, blotted dry, and 

then weighed to determine water uptake. Percent water uptake 

was plotted against time. 

3.3.12 Contact Angle Measurements 

Water contact angle measurements were conducted using a 

Kernco Model G-1 Goniometer. The measurements were conducted 

at room temperature using distilled water drops of 2 

microliters in size. Polymer samples were prepared by spin 

coating the amic acid intermediates from their original 

reaction solutions onto ferrotype plates followed by thermal 

imidization. In some cases, recast fully imidized films were 

also examined. 

3.3.13 X-Ray Photoelectron Spectroscopy 

Surface analysis using XPS was obtained on a KRATOS 

XSAM-800 x-ray spectrometer using a Mg x-ray source. Spectra 

were obtained at 15 ° and 9 0 ° exit angles. Atomic percent 

calculations were obtained through the use of the attached 

computer and were used in the estimation of surf ace 

composition. Samples were prepared for analysis by spin 

coating the amic acid from its original reaction solution 

onto ferrotype plates which had been washed in hexane three 
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times prior to coating. The samples were covered with a 

large watch glass in order to avoid contamination and then 

imidized in the standard fashion in a forced air convection 

oven. Once imidi zed, the samples were washed with hexane 

three times and placed in clean glass containers with lids. 

Free standing films were also analyzed by securing the 

sample directly to the sample holder. 

3.3.14 Oxygen Plasma Resistance 

A Plasmod CTegal Corp., Richmond, CA.) operating at a 

reduced pressure of 150 milliliters and an oxygen flow rate 

of 30 cc/min was used to determine the durability of several 

imide-containing and siloxane modified homo and copolymers 

in an oxygen plasma environment. Samples were analyzed as 

solution cast thin films and were placed in the sample 

chamber with the air-polymer surface (as apposed to the 

glass-polymer side) facing up. Samples were exposed in the 

oxygen charged environment for differing lengths of time 

ranging from 45 minutes to 2. 5 hours. The applied radio 

frequency was 50 KMz. The films were accurately weighed 

before and after exposure to determine the amount of weight 

lost during the test. The film surfaces were also 

characterized using XPS and SEM techniques to quantify any 

chemical and/or physical changes taking place during 

exposure. 
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3.3.15 Scanning Electron Microscopy 

Scanning electron microscopy CSEM) was used for the 

direct visual inspection of homo and copolymer film 

surfaces. Two different instruments were used for the SEM 

studies. An ISI Super III was used with gold-palladium 

coated samples for routine examinations of thin film 

surfaces. When elemental analysis was needed, an AMR 900 

scanning electron microscope was used with carbon coated 

samples. This instrument was equipped with an International 

707 energy dispersive X-ray analyzer (EDAX) unit which 

allowed for the determination of elemental analysis by 

detecting the x-rays emitted from the sample under electron 

beam excitation. No quantitative EDAX studies were performed 

however. 

3.3.16 Transmission Electron Microscopy 

Transmission Electron Microscopy CTEM) was performed on 

extremely thin films of the siloxane-containing segmented 

copolymers to directly observe the nature of the microphase 

separation in these systems. Selective staining with osmium 

tetroxide was not necessary due to the great degree of 

electron density difference between the polydimethylsiloxane 

and the polyimide containing phases. The extremely thin 

samples were prepared by microtoming solution cast films at 

low temperatures c--125°C). This delicate operation had to 

be performed at depressed temperatures to ensure the 
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rigidity of the siloxane phases. The microtomed samples were 

then carefully mounted on a 150 mesh copper TEM grid. 

Micrographs were obtained using a JEOL lOOC operating at 80 

kev. 

3.3.17 Adhesive Performance 

Single lap shear specimens were pr.epared by sandwiching 

the desired polymer sample between two primed titanium 

adherends. The homo and copolymer samples were present in 

one of the following forms: 

* polyCamic acid) solution coated onto scrim cloth 

* polyimide solution coated onto scrim cloth 

* free standing polyimide films <solution or bulk 

imidized) 

* free standing solution imidized polyimide powder 

For operations involving the scrim cloth Cll2 E glass) the 

solvated resin was coated onto the cloth and solvent was 

evaporated in a forced air convection oven using the 

following schedule: 

* 60°C - 30 mins 

* 100°C - 30 mins 

* 160°C - 30 mins 

* 160°C in vacuum - 30 mins 

This procedure was repeated until an overall thickness for 

the cloth and resin of 9-13 mils was achieved. 

The titanium adherands were sandblasted, treated with 
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Pasa Jell 107, ultrasonically cleaned, and immediately 

primed with a coating of resin solution to preserve the 

surface treatment. The primer coat was applied using the 

same thermal schedule outlined for the scrim cloth. 

Single lap shear specimens Cl/2 inch overlap) were 

prepared by pressing the prepared resin between two primed 

adherends using the following bonding cycle: 

* R.T. to 325°C, apply 200 PSI at 280°C 

* Hold for 15-60 min at 325°C 

* Slow cool to R.T. under pressure 
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IV. Results and Discussion 

4.1 Amine-Terminated Polydimethylsiloxane Oligomers 

4.1.1 Synthesis of Functional Siloxane Oligomers 

The synthesis of amine-terminated polydimethylsiloxane 

oligomers was accomplished through the redistribution, or 

equilibration, of the cyclic dimethylsiloxane tetramer CD4) 

with bisCaminopropyl)tetramethyldisiloxane CDSX) in the 

presence of a quaternary ammonium siloxanolate catalyst. The 

equilibration process was outlined previously in Scheme 19. 

To initiate ring opening polymerization, the basic catalyst 

attacks the electropositive silicon of the tetramer to 

generate siloxanolate ions. In the presence of disiloxane, 

the polymerization undergoes what is effectjvely a very 

useful chain transfer reaction. This occurs because the-

Si-0-Si- bond in the cyclic monomer, growing chain, and in 

the disiloxane are of quite similar reactivities. On the 

other hand, one takes advantage of the fact that the 

silicon-alkyl Cor aryl> bond is more covalent in nature and, 

thus, stable during the polymerization. 

The equilibration reactions proceeded under bulk 

conditions at 80°C and an inert gas purge was employed to 

preserve anhydrous conditions. Complete thermodynamic 

equilibration was ensured by allowing the polymerizations to 

continue for 48 hours, even though recent studies have shown 

that final ring/chain equilibrium may be reached at much 

153 



shorter times (1831. At the conclusion of each equilibration 

reaction, the temperature was raised to 150°C for 3 hours to 

decompose the transient catalyst into inert volatile 

byproducts such as tr imethylamine and methanol [ 17 81 • The 

final levels of equilibrium cyclics were typically found to 

be very low (-8 •. 0 %) via chromatographic analysis, with the 

predominant species being 04 [183). Qu~ntitative removal of 

the low boiling cyclics was accomplished via vacuum 

stripping. 

It was generally observed that the polymerization of 

cyclic siloxanes in the presence of an endblocker proceeded 

through a transient viscosity maximum, after which the 

slower reacting end-blocker began to equilibrate into the 

siloxane chain and redistribute molecular weights to their 

most thermodynamically favored values [183). This 

thermodynamic set point was controlled through alteration of 

the 04/DSX ratio. In these systems, the reaction mixtures 

remained transparent throughout the equilibration and the 

final . viscosity was dependent upon siloxane molecular 

weight; higher molecular weight oligomers logically 

possessing higher viscosities. 

4.1.2 Amine Terminated Siloxane Oligomer Characterization 

Polysiloxane equilibration reactions are of great 

interest now since it has been demonstrated that siloxane 

containing segmented copolymers have a variety of useful 
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properties. Siloxanes carrying a number of reactive end 

groups such as secondary amines, aromatic amines, 

silylamines, phenolics, hydroxyls, epoxides, alkenes, and 

silanes have been prepared [181]. In addition to the 

dimethylsiloxane repeat unit in the backbone, it is possible 

to produce a number of other important structures such as 

methyl-vinyl, diphenyl, trifluoropropyl-methyl, and methyl-

silane. Some characteristics of the aminopropyl terminated 

polydimethylsiloxane oligomers synthesized during the course 

of this research are listed in Table 13. In comparing the 

theoretical, or target, · molecular weights with the actual 

values obtained, it was concluded that oligomer molecular 

weight could be controlled conveniently and predictably 

through alteration of the 04 to DSX ratio Csee Scheme 21 for 

theoretical calculations>. Oligomers with predictable 

molecular weights ranging from 600 - 10,000 g/m were easily 

synthesized. The number average molecular weights were 

accurately determined via potentiometr ic titration of the 

amine end groups with alcoholic HCl. Also listed in Table 13 

are the glass transition temperatures of the various 

oligomers. The high flexibility of the siloxane backbone is 

manifested in its extremely low Tg. The transitions quickly 

reached a value of -123 °C C the Tg of high molecular weight 

polydimethylsiloxane> as the oligomer molecular weight was 

increased. 

Inf rared spectroscopy and proton NMR are also excellent 
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Table 13 

Characteristics of Amine Terminated 
Polydimethylsiloxane Oligomers 

Theroetical 
Mn Cg/mole) 

500 

1000 

1500 

2500 

4000 

5000 

10000 

Titrated 
Mn Cg/mole) 

600 

1000 

1800 

2400 

3800 

4900 

10100 

Tg c °C) 

-115 

-118 

-121 

-123 

-123 

-123 

-123 
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techniques available for structure analysis of silicone 

products. The infrared spectrum is a fingerprint which 

identifies the polymer as a siloxane and which can provide a 

great deal of information about chemical structure and 

purity. Important absorbance bands are listed in Table 14 

for various characteristic siloxane motions. In a proton NMR 

spectrum, the characteristic Si-CH 3 resonance occurring at 

0. 3 ppm is of ten used to determine the presence and amount 

of silicones in various materials. Structure analysis is 

aided by the fact that the Si-CH 3 resonance is generally a 

sharp singlet so that nonequivalencies are more easily 

detected. If the oligomer end groups are observable, 

molecular weight may also be determined by ratioing peak 

area integrations. During the course of this research, the 

oligomer molecular weights were often too high to accurately 

observe the baseline resolved end group protons, however. 

4.2 Synthesis of Amie Acid Containing Materials 

4.2.1 High Molecular Weight PolyCamic acid) 

All homo- and copolyimides were synthesized through the 

classical two-step method initially involving the generation 

of soluble polyCamic acid) precursors through the reaction 

of aromatic di amines and aromatic dianhydr ides [ 9, 10]. The 

polyCamic acids> were subsequently heated to form the 

corresponding polyimides with the loss of water. The 

detailed process as it applies to the synthesis of PMDA/ODA 
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Table 14 

Polydimethylsiloxane FTIR Band Assignments 

Frequency ( cm-1) 

3000 

1410 

1260 

1130-1000 

800 

715 

510 

1090-1080 

1080-1050 

1070-1040 

1020-1010 

Assignment 

C-H methyl stretch 

SiCCH3 >2o asymmetric deformation 

SiCCH3> 2o symmetric deformation 

Si-o~si stretch vibration 

SiCCH3 >2o stretch; methyl rock 

SiCCH3 >2 >o stretch 

Si-O-Si bend vibration 

Cyclic tetramers 

Cyclics larger than tetramers 

Disiloxanes 

Cyclic trimers 

158 



polyimide is reviewed in Scheme 3. Using this synthetic 

procedure, a large number of monomers were coreacted in 

homo-and copolymerization studies. The aromatic diamines and 

aromatic dianhydrides employed during the course of this 

research are listed in Table 15. 

The success of the overall process was highly dependent 

upon the reaction conditions used. The synthesis of high 

molecular weight polyCamic acid> was dependent upon the use 

of extremely pure monomers Cat least 99 percent pure>, 

rigorous exclusion of moisture, choice of solvent, and the 

use of ice water baths in certain instances to control 

reaction exotherms. For these reasons, monomers and 

polymerization solvents were carefully purified and dried 

prior to use. To preserve anhydrous conditions, solvents 

were handled using syringe techniques and the assembled 

reaction apparatuses were flamed under inert gas purge 

immediately prior to use. The order of monomer addition was 

also considered to be important. It has been reported that 

highest molecular weight polyCamic acid) is produced by the 

addition of powdered dianhydride to a rapidly stirring 

solution of the diamine [18]. This mode of addition 

minimizes the possibility of detrimental side reactions such 

as anhydride hydrolysis. Because the amic acid moieties are 

also prone to hydrolysis, all samples were stored in their 

original reaction solutions under low temperature conditions 

c--10°C) to protect them from atmospheric moisture. 
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Table 15 

Aromatic Monomers Employed in Homo- and 
Copolymerization Studies 

------------------------------------------------------------
Anhydrides 

0 0 

¢:» 
0 0 

PMDA 

0 

BTDA 

0 0 

<o-CCCFV2 -a:> 
0 6F 0 

0 0 o'U:} 
TMAC 

II 
0 

Di amines 

H2N-0-o-Q-NH2 

4,4'0DA 

H2N-01-0-NH2 

4,4' BAP 

H2N-o-so2-o-NH2 

3,3' DDS 

0 

H2N~NH2 

3,3' DABP 

H2N-O-CH2VNH2 

3,3'MDA 
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Traditionally, amide solvents such as dimethylacetamide 

have been used as polymerization mediums for polyCamic acid) 

synthesis. Indeed, all of the monomers listed in Table 15 

were adequately and conveniently coreacted employing DMAC 

and NMP. Although highly efficient, these high boiling, 

strongly solvating polymerization mediums are very difficult 

to quantitatively remove from the .final product, thus 

complicating polymer compositional analysis and reducing 

ultimate performance. For these reasons, ether solvents such 

as diglyme have become important polymerization solvents 

recently [13]. In fact, polyCamic acids) based on BTDA and 

3, 3' -DDS, or 3, 3' -DABP, have been largely synthesized in 

diglyme by researchers at NASA Langley [ 14]. The use of 

diglyme is advantageous because it possesses favorable 

properties such as good volatility, nontoxici ty, and 

nonreactivity. Ether solvents have also been claimed to 

enhance the basicity of diamines, enabling higher molecular 

weight polymer to be formed Csee Scheme 4> [17]. 

For these reasons, diglyme was investigated as a 

possible polymerization medium. The results for the three 

polyCamic acid> systems evaluated are listed in Table 16. 

Unfortunately, all three systems inevitably exhibited 

solution instability at room temperature during the course 

of the polymerization. Presumably, polymer precipitation 

occurred when the poly ( amic acid) reached a certain 

molecular weight. Interestingly, two of the polyCamic acids) 
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Table 16 

Polymerizations in Diglyme 

PolyCamic acid) Precipitation Time Comments 

BTDA I 3,3'-DDS 3-4 hours 1,2 

BTDA I 3,3'-DABP 1-2 hours 1,2 

BTDA I 4 '4 I -ODA 1 minute 2 

1) The polyCamic acid) redissolved upon cooling the 
solution slightly or upon the addition of a 
cosolvent 

2> Brittle polyimide films were produced 
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were observed to redissolve upon cooling the reaction 

mixtures slightly with an ice water bath, indicating the 

presence of an upper critical solution temperature. Through 

controlled thermal fluctuations repeated precipitation and 

resolvation of the polyCamic acid) occurred. The addition of 

small amounts of an amide cosolvent to the polymerization 

medi wn was also successful in achieving and maintaining 

polymer solution at room temperature. The fact that these 

observations have not been reported in the literature is 

puzzling. It is possible that under the highly controlled 

polymerization conditions of our academic research labs, 

higher molecular weight polyCamic acid) was formed than is 

commonly encountered in industry. The fact that diglyme is 

not rigorously dried by researchers at NASA Langley prior to 
,, 

polyCamic acid) formation may account for the probable 

molecular weight differences. Based on these experimental 

observations, diglyme was not commonly employed as a single 

polymerization solvent in the synthesis of polyCamic acids). 

4.2.2 Molecular Weight Controlled PolyCamic acid) 

For polycondensation reactions involving two 

difunctional monomers, molecular weight control may be 

achieved by upsetting 1:1 monomer stoichiometry through the 

use of a calculated excess of one of the monomers or through 

the addition of a predetermined amount of monofunctional 
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monomer. The use of excess diamine under typical 

polymerization conditions, for example, will theoretically 

yield polyCamic acid) oligomers with amine end groups. 

Alternatively, the monofunctional reagent controls and 

limits molecular weight because its reaction with growing 

polymer yields chain ends devoid of functionality, and 

therefore incapable of further propagation. 

During polyCamic acid) synthesis, molecular weight 

control was achieved through the addition of precalculated 

amounts of the monofunctional reagent phthalic anhydride to 

the reaction medium. Scheme 23 shows the overall reaction 

process. In addition to molecular weight control, the 

polymer end groups were also theoretically rendered 

nonfunctional through such an operation. This proved to be a 

highly desirable feature in terms of improving thermoplastic 

behavior. Reactive end groups are known to undergo 

detrimental chain extension reactions during processing 

(especially in polyimides), thus increasing the difficulty 

of forming the material [ 49, 50 l. Through the use of the 

Carothers equation, a wide range of target molecular weights 

were achieved by simply altering the calculated amount of 

phthalic anhydride. 

Based on the conclusions of Volksen and Cotts [21], 

monomers were not reacted in the traditional mode of 

addition when synthesizing molecular weight controlled 

polyCamic acids). Instead, reactants were combined as 
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Scheme 23 

Molecular Weight Control in Homo- and Copolyimide 
Synthesis 

A~ 
0 l 

B@} + 

3 

1) 100,200,300 °c 
(ONE HOUR AT EACH TEMPERA 11JRE) 

2) SOLlITION IMIDIZA TION 
SOL VENT I AZEOTROPING AGENT 
-160°c 

0 0 0 0 0 

@;:~x@f~~yg 

• CONCENTRATION OF "3" CONTROLS Mn AND END GROUP 

• SILOXANE SEGMENTS MAY BE INCORPORATED, IF DESIRED 
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homogeneous solutions to circumvent the possible molecular 

weight control problems associated with the proposed pseudo-

interfacial nature of the conventional polymerization mode. 

Also, possible formation of highly associated, largely 

unsolvated charge transfer complexes between monomers could 

be avoided through the addition of monomer solutions C see 

Tables 4 and 5). 

4.2.3 Phenolic Terminated PolyCamic acid) Oligomers 

A very important synthetic variation of the above 

employed molecular weight control technique involves the use 

of monofunctional reagents that also carry functional groups 

which are inactive under polymerization conditions. In this 

manner, difunct~ional oligomers are produced whose 

functionalities are controlled by the choice of 

monofunctional reagent. Advantageously, these functional end 

groups may later be selectively consumed in post 

polymerization reactions to yield novel segmented copolymer 

systems or modified network structures. 

In an attempt to synthesize polyCamic acids) of 

controlled molecular weight and containing phenolic end 

groups, phthalic anhydride was replaced with equimolar 

quantities of p-aminophenol. Subsequent thermal cyclization 

of these polyCamic acid) intermediates theoretically yielded 

highly novel difunctional polyimide oligomers. Furthermore, 

polyimides possessing a wide range of end group 
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functionalities could 

nature of the capping 

functionalities could 

be achieved simply by changing the 

reagent. Granted, many of these 

not survive the high temperatures 

C - 3 0 0 ° c > needed to 

employing the standard 

achieve 

method 

quantitative 

of thermal 

imidization 

cyclization. 

However, the newly developed solution imidization 

techniques, discussed shortly, employ only moderate 

temperatures c-150 °C) and could possibly circumvent these 

problems. Phenolic terminated oligomers were the only 

materials investigated during the scope of this research. 

4.2.4 Bisphenol Imide Model Compound 

A bisphenol imide model compound, based on BTDA and p-

aminophenol, was synthesized and characterized in an attempt 

to optimize reaction conditions for phenolic terminated 

polyimide oligomer production. Conditions under which 

imidization could take place without the loss of phenolic 

functionality were easier to define through the synthesis 

and characterization of a compound of known molecular weight 

and chemical structure. 

The synthesis of the model compound proceeded in two 

steps: the first step consisted of formation of the amic 

acid species through reaction of the aromatic amine and 

anhydride groups. A five percent molar excess of p-

aminophenol was employed to ensure complete reaction of the 

dianhydride. Amie acid synthesis was conducted in dry NMP at 
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room temperature under inert gas purge. Imidi zation then 

took place in an NMP/CHP coamide solvent at 160°C. The 

CHP /NMP imidi zation medium will be detailed shortly. After 

imidization was complete, the reaction solution was diluted 

with hot NMP and slowly cooled to room temperature. The 

bisphenol imide model compound simultaneously crystallized 

and precipitated from solution at approximately 75°C. It is 

believed that careful optimization of this process through 

the addition of more NMP will greatly favor crystallization 

over precipitation. The isolated monomer was then vigorously 

washed with acetone and methanol to remove any unreacted 

impurities. At this point, the pale yellow compound was 

isolated and characterized. 

The presence of the imide functionality and the absence 

of the amic acid species were detected primarily by FTIR 

measurements (Figure 16). The previously described imide 

bands occurring at 1778 cm-1 and 720 cm-1 [33-35] are indeed 

highly visible. The region around 1546 cm-1 is also void of 

significant absorptions, indicating the absence of amic 

acid. Another band of importance is the hydroxyl stretch 

above 3000 cm-1 . This data alone does not conclude however, 

that quantitative imidization took place and that 

difunctionality was preserved. 

Potentiometric titration of the acidic phenolic end 

groups with alcoholic tetramethylammonium hydroxide [243] to 

determine imide model compound molecular weight was a much 
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more quantitative assessment of polymer structure. If 

difunctionality and quantitative imidization were obtained, 

the titrated molecular weight would be equivalent to the 

theoretical molecular weight of 504 g/m. As noted in Table 

17, very good agreement between theoretical and actual 

molecular weights were obtained. From these studies, it was 

concluded that quantitative imidizatio~ could take place in 

solution at moderate temperatures without the loss of 

phenolic functionalities. 

The difunctional preimidized model compound was also 

used to synthesize poly(ester imides>. The monomer was 

dissolved with equimolar quantities of bisphenol-A and 

isophthaloyl chloride was added to the solution to carry out 

the polycondensation process through the generation of ester 

linkages. Triethylamine was present as an acid acceptor. The 

successful synthesis of high molecular weight polymer 

employing this procedure also indicated the preimidized 

monomer was difunctional and of monomer grade purity. 

4.2.5 Poly(amide amic acid) 

Possibly the most commercially important class of 

polyimide copolymers are the poly(amide imide> systems. 

Similar to polyimides, the poly<amide imide) copolymers 

discussed herein were synthesized through the generation of 

an amic acid intermediate, followed by thermal cyclization. 

The poly(amide amic acid> intermediates were produced 
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Table 17 

Potentiometric titration of Bisphenol Imide 
Model Compound 

Sample Molecular Weight Cg/mole) 

1 492 

2 510 

3 505 

Theoretical Molecular Weight = 504 g/mole 
Average Titrated Molecular Weight = 502 g/mole 
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through the reaction trimellitic anhydride acid chloride and 

an aromatic diamine in 1:1 stoichiometry. Similar to 

procedures previously described, the reaction was carried 

out using extremely pure monomers and freshly distilled 

solvents. The overall process has been previously 

illustrated in Scheme 16. The first stage of these 

polymerizations was conducted at low_ temperatures (below 

0.0°C) to control the extreme reaction exotherms due to the 

rapid consumption of acid chloride. Triethylamine was 

employed as an acid exceptor to neutralize the liberated 

hydrochloric acid. After 30 minutes reaction time below zero 

degrees centigrade, the reaction temperature was allowed to 

equilibrate to ambient conditions so the anhydride 

functionality could quantitatively react and afford high 

molecular weight material. The triethylamine salt was then 

removed via filtration to yield a clear viscous poly( amide 

amic acid> solution. 

4.2.6 Poly(amic acid siloxane) 

The siloxane-containing poly( amic acid> intermediates 

were synthesized by three methods differing only in the mode 

of reactant addition. Maintaining solubility of the 

reactants throughout the polymerization was a major factor 

in obtaining tough, transparent polyCimide siloxane> films 

of predictable composition. Maintaining homogeneous solution 

copolymerization conditions was not a trivial matter 
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however. While solvents such as methylene chloride, THF, and 

chloroform easily solvate polysiloxane oligomers, they do 

not readily dissolve aromatic monomers such as BTDA or the 

resultant polyCamic acid>. On the other hand, dipolar 

aprotic solvents are good solvents for aromatic monomers, 

the growing polymer chain, and even the arninopropyl 

tetramethylsiloxane dimer. However, they are nonsolvents for 

siloxane equilibrates of higher Ce.g. 600 - 10,000 g/m> 

molecular weight. 

Despite these differences in solubility 

characteristics, many solvents were evaluated as possible 

single component polymerization media. Interestingly, 

diglyme was found to sol vate all the monomers and si loxane 

oligomers sufficiently to be considered as a single solvent 

for the synthesis of poly(arnic acid siloxane) intermediates. 

In actual practice, diglyme proved unsuccessful due to the 

premature precipitation of the growing polymer chain. As a 

consequence, the resulting polyimide copolymers prepared in 

diglyme were brittle and opaque. Based on solubility 

studies, a cosolvent consisting of a dipolar aprotic solvent 

such as NMP or DMAC along with THF was chosen to synthesize 

the polyCamic acid siloxane) intermediates. 

For all three synthetic methods, the beginning of the 

reaction was the most crucial period of the process since 

the greatest solubility differences were present at this 

time. The success of a particular method in preparing well 
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defined poly(amic acid siloxanes) of predictable 

compositions was limited primarily by the molecular weight 

of the polysiloxane oligomer to be incorporated, and 

secondly, by the choice of cosolvent. The ratio of NMP 

( DMAC) to THF had to be kept within certain general limits 

to maintain solubility of all the constituents. Minor 

adjustments in all procedures were necessary to optimize 

each reaction for the quantities and molecular weights of 

the siloxane oligomers (Mn = 800 - 10,000 g/mole) employed. 

As a rule, a cosolvent ratio high in THF content was needed 

to solvate reaction mixtures containing higher molecular 

weights and/or higher percentages of siloxanes. 

The general synthetic process for the production of 

siloxane modified polyCamic acids) is depicted in Scheme 24. 

As stated before, these intermediates were synthesized by 

three methods. Method one modeled the way in which 

conventional polyCamic acids) are produced [18]; i.e., solid 

dianhydride was added to a solution of the chosen diamines. 

Compared with methods two and three, this method was 

preferred from a synthetic point of view because possible 

hydrolysis of the dianhydride was minimized. However, 

intrinsic viscosities of the imidized copolymers synthesized 

using all three methods were not significantly different, 

indicating that moisture effects were insignificant under 

our carefully controlled polymerization conditions. Method 

one was also pref erred in certain instances because a 
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Scheme 24 

Synthetic Process for PolyCimide siloxane> 
Segmented Copolymers 
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cosolvent consisting of diglyme and THF could be 

successfully used to synthesize the polyCamic acid siloxane} 

intermediates, thus eliminating~ the need for the higher 

bo i 1 i ng strongly solvating dipolar aprotic solvents 

altogether. Unfortunately, method one was only successful in 

incorporating siloxane oligomers of 2100 g/m or less. Above 

this molecular weight, the solubility_ of all constituents 

could not be maintained during the polymerization and high 

molecular weight well defined systems were not obtained. 

Mixing the reactants in a manner consistent with method 

2 was successful in overcoming the solubility problem, 

however. In this "reverse addition" process, the siloxane 

oligomer was first added to a stirred solution of 

dianhydride. This process effectively capped the siloxane 

oligomer through reaction of its amine end groups. After the 

capping process, the prechosen aromatic di amine was then 

added to the solution as a chain extender to produce high 

molecular weight polymer. Employing this method, siloxane 

oligomers with molecular weights as high as 10,000 g/m were. 

successfully copolymerized. Overall siloxane compositions 

ranged from 5 to 70 weight percent. The great success of 

method two relative to method one was based on the fact that 

the anhydride capped oligomer possessed enhanced solubility 

in dipolar aprotic solvents, 

of the cosolvent system. 

premature chain extension 

thus extending the efficiency 

During the capping process, 

of the polydimethylsiloxane 

176 



oligomer was prevented by slowly adding the siloxane 

oligomer to a solution of excess dianhydride. Due to the low 

solubility of aromatic dianhydrides in ether solvents, the 

capping process could not be accomplished employing the 

THF/diglyme cosolvent system. 

When utilizing method two,· it was noted that the 

reaction solutions would· become cloudy at times after the 

aromatic diamine was added in the final chain extension 

step. This cloudiness was attributed to the solubility 

changes occurring during polymerization. If the cosolvent 

system was not rich enough in THF content, the growing 

poly"< amic acid) would "kick" any unincorporated siloxane 

oligomer out of solution. To reestablish homogeneous 

conditions, additional amounts of THF had to be added to the 

reaction flask to redissolve the siloxane. This problem was 

largely eliminated with the advent of synthetic method 

three. During this method, the aromatic diamine was added in 

a highly controlled fashion as a solution. Incorporation of 

the si loxane oligomer was ensured because the chain 

extension reactions proceeded at much slower and controlled 

rates. Phthalic anhydride was also added during the course 

of the polymerization, if desired, to limit the molecular 

weight of the final copolymer. 

4.2.7 PolyCamide amic acid siloxane) 

Amine terminated siloxane oligomers were also 
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su?cessfully incorporated into poly C amide imide) copolymer 

systems. Al though a large possibility of monomer 

combinations existed (see Table 15), the materials 

synthesized and evaluated were based solely on TMAC, ODA, 

and a siloxane oligomer whose molecular weight wa~ 1200 g/m. 

Siloxane compositions ranged from 5 to 50 weight percent. 

All of the siloxane modified polyCamide amic acids) were 

synthesized employing synthetic method number one discussed 

above. Similar to the unmodified polyCamide imide) control, 

the first synthetic step was conducted at low temperature 

until most of the acid chloride had bee consumed. 

Subsequently, four hours of reaction time at room 

temperature afforded high molecular weight polyCamide amic 

acid siloxane) copolymer in the form of a homogeneous 

viscous solution. The overall synthetic process is outlined 

in Scheme 25. 

4.3 Imidization of Amie Acid Intermediates 

The amic acid intermediates were converted to the 

corresponding imidized materials by the conventional high 

temperature "curing" of solution cast polyCamic acid) films 

[15,161 or by novel solution imidization techniques at 

moderate temperatures using a coamide solvent mixture. In 

order to employ the solution imidization process, amic acid 

synthesis had to take place using the higher boiling NMP as 

a reaction (co)solvent. 
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Scheme 25 

Synthetic Process for PolyCamide imide siloxane) 
Segmented Copolymers 
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4.3.1 Conventional CBulkJ Imidization 

By casting the polyCamic acid) solutions onto clean 

glass plates and thermally driving the cyclodehydration 

process, polyimide homo-and copolymer thin films resulted. 

PolyCamic acid) solutions were originally .cast into uniform 

thicknesses with a draw bar set at 5 - .SO mils. In complying 

with the procedures describing this widely used method of 

imidization, heat was applied in a stepwise fashion. First, 

the glass plates containing the solution cast films were 

placed in a vacuum oven to remove most of the reaction 

solvents. Then the films were placed in a forced air 

convection oven and the temperature was gradually raised to 

300°C. This extremely high temperature was above the Tg of 

most of the materials evaluated thereby ensuring adequate 

chain mobility for quantitative imidization to occur. This 

thermal cycle, however, was not severe enough to degrade the 

siloxane portion of segmented copolymer systems. PolyCamide 

imides) were prepared in a similar manner, but upper 

imidization temperatures of only 270°C were necessary to 

achieve quantitative cyclization. After the imidization 

process, all of the homo- and copolymer films were removed 

from the glass plates by applying gentle peeling and prying 

motions. 

The progress of imidization was conveniently monitored 

through the use of FTIR. An FTIR spectrum of a siloxane 
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containing polyCamic acid) copolymer is shown in Figure 17. 

The strong presence of amide and carboxylic acid bands 

centered around 3300 cm-1 and a very saturated region 

spanning the range of 1750 to 1000 cm-1 are indicative of 

poly< amic acid) structures. Subsequent thermal imidization 

of the copoly ( amic acid) led to the FTIR spectrum shown in 

Figure 18. The broad absorbances around 3300 cm-1 have 

disappeared and the region from 1750 1000 cm -1 has 

sharpened considerably. New absorptions at 1776 and 702 cm -1 

become apparent and are attributed to the presence of imide 

groups. These same characteristic imide bands are also 

present in the polyCamide imide siloxane) copolymer spectrum 

(Figure 19). 

The presence of bands associated with 

polydimethylsiloxane remain present in all copolymer 

spectra. The most predominant peaks, highly visible in the 

polyCamide imide siloxane) FTIR spectrum, occur at 1260 cm-

l 1094 cm-1 , and 1028 cm-1 . The siloxane methyl stretch 

occurring near 3000 -1 cm is also highly visible. The 

intensity and shape of the siloxane bands were highly 

dependent upon the siloxane content in the copolymers. The 

change in band intensity with siloxane content is 

demonstrated in Figure 20 for a series of polyCamide imide 

siloxane) copolymers. Table 18 reviews the band assignments 

of greatest importance in these systems. 
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Table 18 

FTIR Assignments for Poly(imide siloxane) copolymers 

Frequency ( cm-1) 

3100 

29 60 

1776 
1725 

1480 

1260 

1094 
1028 

702 

Assignment 

Aromatic protons <imide segments) 

Aliphatic protons <siloxane segments) 

Imide carbonyl stretch vibrationy 

Aromatic C-C stretching 

Si-C Stretch vibration 

Si-0 Stretch vibration 

Imide band 
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4.3.2 Solution Imidization 

Quantitative imidization was also accomplished in 

solution at moderate temperatures using a coamide solvent 

consisting of N-methylpyrrolidone and N-

cyclohexylpyrrolidone. As discussed earlier, scattered 

reports have shown that imidization could be achieved in 

solution without polymer degradation if. the polymer remained 

completely soluble during the process and if the water of 

imidization was effectively removed from the reaction 

mixture [ 55]. In the present system, NMP had the role of 

solvating the molecular species and CHP was used to 

effectively remove the water of imidization from the system 

to prevent hydrolytic degradation of _remaining amic acid 

species. 

Cyclohexylpyrrolidone is a developmental solvent made 

commercially available recently by GAF. It is analogous to 

NMP in that it is a cyclic di polar aprotic amide solvent. 

The difference, of course, is that a cyclohexyl ring, rather 

than a methyl group, is. attached to the nitrogen in the case 

of CHP. As one would expect, the boiling point of CHP is 

higher than NMP due to its higher molecular weight. Under 

ambient pressures, CHP' s boiling point is 290°C while that 

of NMP is commonly reported to be 202°C. Like NMP, CHP is a 

liquid at room temperature. 

As would be predicted, CHP has similar solvating 

characteristics as other dipolar aprotic solvents. However, 
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there is one other advantageous characteristic that puts CHP 

in a class by its elf. While CHP is totally miscible with 

water at room temperature, it becomes totally immiscible at 

elevated temperatures. This vital factor coupled with its 

high boiling point and good solvating characteristics makes 

CHP an excellent candidate for use as an imidization medium. 

However, preliminary solution imidization studies showed 

that CHP alone would not adequately solvate the particular 

aromatic polyimides evaluated during the course of this 

research. Partially imidized species were observed to 

precipitate from the CHP solution. This same conclusion was 

reached when NMP was used in conjunction with popular 

azeotroping solvents. Azeotroping agents such as toluene and 

chlorobenzene also caused premature precipitation of 

partially imidized species during solution imidization. 

However, an NMP/CHP coamide solvent system provided adequate 

solvating power and water removal characteristics to achieve 

imidization in solution without premature precipitation and 

without molecular weight degradation. In fact, this same 

coamide solvent system has been successfully used in place 

of the conventional NMP/toluene (solvent/azeotroping agent) 

systems to synthesize high molecular weight polysulfones 

[ 221]. 

The efficiency of CHP as a water removing agent was 

evaluated by measuring the initial water contents of as-

received CHP and of various CHP/NMP cosolvent solutions. 
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Water contents were determined via automated titration 

methods at room temperature. The CHP solvent and its 

solutions were then heated and samples were taken at certain 

intervals for water content determination. The results are 

shown in Figure 21. Once the temperature of CHP increased to 

80°C, a sharp drop in water content was observed. This same 

trend was followed by NMP/CHP solutions- containing as low as 

10 percent CHP, al though the drastic drop in water content 

occurred at higher temperatures. NMP alone showed a slight 

decrease in water content with increasing temperature, 

however detrimental quantities of water still persisted even 

at high temperatures. Based on these conclusions and the 

solubility studies, an NMP/CHP cosolvent ratio of 80 percent 

NMP and 20 percent CHP was employed to solution imidize the 

poly ( amic acids). Because efficient water removal does not 

take place un ti 1 elevated temperatures are reached, 

poly ( amic acids) were always solution imidi zed the adding 

them in aliquots to preheated CHP mixtures. 

4.4 Kinetics of Solution Imidization 

Kinetics of the thermal solution imidization process 

were monitored in a semiquan ti tati ve manner employing FTIR 

to generate time vs. conversion data under certain 

isothermal conditions. The progress of imidization was 

determined using popular IR band absorbance ratio techniques 

[5,34,40]. The FTIR band at 725 cm-1 was used to follow the 
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appearance of the imide moiety and the absorbance at 1546 

cm-1 was studied to evaluate the disappearance of amic aqid. 

These bands were chosen because they were well isolated and 

did not overlap with bands due to residual solvent. 

Small quantities of samples were removed during the 

course of the solution imidization and quickly cooled to 

subambient conditions to halt the imidization process. The 

solutions were then cast onto salt plates and the solvents 

were evaporated under vacuum at 70°C for one hour. This 

procedure removed much of the solvent from the polymer films 

without allowing significant amounts of further imidization 

to occur. This was particularly true for the samples that 

already had Tg values much higher than this. The FTIR 

spectrum of a poly<amic acid siloxane> copolymer based on 

BTDA, 3,3'-DDS and 950 Mn polydimethylsiloxane oligomer 

dried under vacuum at 70 °C for one hour is shown in Figure 

22. The fingerprint region has been expanded to aid in 

analysis. The strong absorption at 1546 cm-1 shows the 

presence of large concentrations of amic acid species. The 

absence of significant absorptions at 1776 cm-1 indicated 

that undetectable amounts of imidization take place during 

the solvent evaporation stage in the vacuum oven for this 

particular poly<amic acid siloxane) structure. 

Absorbance intensities were measured and ratioed to a 

reference band to normalize variations in sample thickness. 

To utilize the IR absorbance ratio method, this reference 

191 



-N 
lD 
CD . -
-
l\J 
l'r'I 
CJJ 
N . 

l&J -u l"-z CD 
<r. 0 mo 
Ir. • 
o-
cn N m..,. 
<r. l\J 

l"-

0 
l"-
CJJ 
l'r'I .... . 
0 
l\J 
Ul 
Ul -. 

1546 
cm·1 

1480 
cm·1 

0 2000.0 1800.0 1600.0 1400.0 1200.0 1000.0 800.00 600.00 
WAVENUMBERS CCM-11 

Figure 22: FTIR of a PolyCamic acid siloxane) Copolymer 
After 1 Hour at 70°C Under Vacuum 

192 



band must depend only on film thickness and not on solvent 

content, degree of imidization, or side reactions [34]. Such 

a band seemed to occur in this particular system at 1480 cm-

l and is probably attributable to an aromatic structure. A 

fully imidi zed sample was prepared by conventional thermal 

imidization methods using an .upper "cure" temperature of 300 

°C. The FTIR spectrum of this sample was used in conjunction 

with the spectrum of the poly(amic acid siloxane) dried 

under vacuum at 70°C for one hour to set up standard 

reference states between which percent imidization was 

calculated. 

The progress of the solution imidization at 160°C for 

the poly(amic acid siloxane) sample under discussion is 

shown in a series of FTIR !?Pectra obtained from samples 

taken at different times during the course of the 

imidization (Figures 23-25). Absorbances corresponding to 

the amic acid were observed to decrease over time. This 

decrease was also followed by an increase in the imide 

absorbances. At 24 hours, all of the amic acid had been 

converted according to FTIR measurements. 

The results of kinetic studies conducted at different 

temperatures are shown in Figures 26-29. In Figure 26, imide 

content is plotted against time for the four temperatures 

studied. Several observations can be made. First, 

imidization proceeded to completion at temperatures that are 

only suitable to partially imidize the material as a 
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solution cast amic acid film. This fact is substantiated in 

Figure 27 where isothermal imidization studies in the same 

temperature range Cl60 °C) on solution cast films showed a 

sudden halt in the imidization process at approximately 70 

percent conversion. This behavior has been reported many 

times in the literature and is attributed to polymer 

stiffening with conversion and the loss of the casting 

solvent [5,34,36,38-42]. During solution imidization, 

cyclization was not kinetically interrupted presumably 

because the imidizing species were continually solvated 

during the solution process. It can also be seen in Figure 

26 that imidization proceeded faster at higher solution 

temperatures. In many cases, the appearance of the imide 

linkage was closely paralleled by the disappearance of amic 

acid species, suggesting the absence of significant side 

reactions and/or degradation mechanisms. 

First order kinetic plots of the data generated by the 

FTIR studies are shown in Figure 28 in terms of the 

appearance of the imide band at 725 cm-1. The linear nature 

of these plots indicates the solution imidi zation process 

may be described by first order kinetics with respect to 

time. Rate constants were calculated for each temperature 

and are listed in the figure. An Arrhenius plot <Figure 29) 

was generated from the derived first order rate constants. 

From the linear nature of the plot, an activation energy of 

26 kcal/mole Cl09 KJ/mole> was obtained for the imidization 
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process. 

4.5 Characterization of Homo- and Copolyimides 

4.5.1 Polymer Solubility 

One of the major goals of this research was -to increase 

the solubility and processability characteristics of 

historically infractible polyimide and polyCamide imide) 

engineering polymers through the incorporation of flexible 

polydimethylsiloxane segments. Therefore, the effect 

siloxane oligomer incorporation on copolymer solubility was 

monitored carefully. Solubilities of a series of 

conventionally imidized polyCimide siloxane) copolymers 

based on BTDA and 3,3'-DDS are shown in Table 19 in a 

variety of sol vents. It was quickly determined that 

solubility depended largely on the amount, rather than the 

molecular weight, of the siloxane oligomer incorporated. 

While the unmodified control was insoluble in all the 

solvents evaluated, copolymer solution was successfully 

achieved for all samples containing 10 weight percent 

siloxane or greater. The samples containing 10 to 20 weight 

percent siloxane were found to completely dissolve in 

strongly heated NMP or DMAC at total solids contents of 

approximately 5 weight percent. Upon incorporation of larger 

amounts of siloxane, the beneficial effects of the flexible 

siloxane chains became even more apparent. Copolymers 

containing greater than 50 weight percent siloxane were 
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Table 19 

Solubilities of Conventionally Imidized 
PolyCimide siloxane) Segmented Copolymers 

CBTDA / 3,3'-DDS Based) 

Solvent Control 
Weight Percent Siloxane 

5 10 20 40 60 

NMP M 

DMAC M 

DMF M 

Diglyme I 

THF I 

CH2Cl2 I 

CHC1 3 I 

S = Soluble 
M = Marginally Soluble 
I = Insoluble 

M 

M 

M 

I 

I 

I 

I 

s s s s 

s s s s 

M M s s 

I I M s 

I I M s 

I I M s 

I I M s 
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observed to dissolve in a wide range of solvents including 

THF and diglyme. 

Copolymer solubility was also determined by the choice 

of anhydride and diamine. For example, copolymers based on 

PMDA and ODA were insoluble, even at siloxane contents of 60 

weight percent, presumably due to the construction of a 

highly rigid polyimide "hard" block._ However, polyCamide 

imide siloxane) copolymers based on TMAC and ODA did become 

soluble in dipolar aprotic solvents at moderate siloxane 

contents of 25 weight percent (Table 20 >, indicating that 

replacement of half of the imide moieties with amide 

linkages impr.oved solubility. 

Al though the incorporation of flexible siloxane 

segments did improve polyimide solubility, possibly the most 

dramatic effects on polymer solubility were observed upon 

evaluating materials prepared via solution imidization. To 

study the effects of solution imidi zation, portions of the 

same polyCamic acid) samples were imidized by both the 

conventional and solution techniques. Table 21 displays the 

selected results obtained for systems based on BTDA and 

3,3'-DDS. Surprisingly, large gains in polymer solubility 

were measured for samples prepared via solution imidization. 

The historically insoluble BTDA/3,3'-DDS polyimide [94] was 

rendered highly soluble 

solution imidization. 

in dipolar aprotic solvents after 

Viscous homogeneous polyimide 

solutions were easily prepared at room temperature at total 
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Table 20 

Solubility of PolyCamide imide siloxane) 
Segmented Copolymers~ 

CTMAC I 4,4'-0DA Based) 

Sample 
Wt. % PSX 

Solubility in 
NMP and DMAC 

------------------~-----------------------------------------

Control Insoluble 

5 Insoluble 

10 Insoluble 

25 Soluble 

50 Soluble 

1 Bulk imidized samples only 
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Table 21 

Solubilities of Siloxane Modified Polyimides 
(Conventional vs. Solution Imidization> 

- Solvent 
Imidization 

PSX Wt.% PSX Mn Method NMP DMAC THF 
Methylene 
Chloride 

20 

40 

60 

Control Bulk I I I I 
Solution s s I I 

900 Bulk M M I I 
Solution s s I I 

900 Bulk M M I I 
Solution s s s s 

900 Bulk M M M M 
Solution s s s s 

I = Insoluble 
M = Sparingly soluble CS % solids attained using heat> 
S = Soluble C20 % solids prepared. at room temperature) 
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solids contents of 20 weight percent or higher. Siloxane 

containing copolymers also possessed greatly improved 

solubility characteristics over their bulk imidized 

counterparts. 

To further evaluate the benefits of solution 

imidi zation, a few poly ( amic . acid) structures that are 

precursors to historically insoluble polyimides were 

synthesized and solution imidized to determine if the final 

polyimide could be rendered soluble by using the novel 

imidization process. Details are illustrated in Table 22. 

Major improvements were indeed observed upon solution 

imidizing 

polyimides 

certain polyimide structures. In general 

synthesized from BTDA and meta-substituted 

di amines carrying flexible bridging uni ts were prepared in 

highly soluble form. One major exception, however, was the 

system based on BTDA and 3,3'-DABP. This material is known 

display semicrystalline behavior however [88,90], which may 

contribute to its unusual solubility characteristics. 

Systems based on highly rigid structures such as PMDA and 

4,4'-0DA were also not produced in soluble form via solution 

imidization. These materials were observed to precipitate 

from solution as partially imidized materials, presumably 

because of high chain rigidity. On the other hand, it was 

discovered that commercially important polyCamide imide) 

systems based on TMAC and 4,4'-0DA could be rendered soluble 

through solution imidization. 
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Anhydride 

PMDA 

BTDA 

TMAC 

BTDA 

BTDA 

BTDA 

BTDA 

I = Premature 
s = Solution 

Table 22 

Solution Imidization Studies 
(Structure vs. Solubility) 

Diamine 
Imidization 

Method Solubility 

4,4'-0DA Bulk I 
Solution I 

4,4'-0DA Bulk I 
Solution I 

4,4'-0DA Bulk I 
Solution s 

3,3'-DDS Bulk I 
Solution s 

3,3'-MDA Bulk I 
Solution s 

3,3'-DABP Bulk I 
Solution I 

4,4'-BAP Bulk I 
Solution s 

precipitation of partially imidized product 
imidized product remained soluble 
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Although several advances have clearly been recorded in 

synthesizing soluble polyimides through the advent of 

solution imidization, these studies do not conclusively 

solve the ongoing debate concerning the historically poor 

solubility characteristics of polyimides. For example, if 

one concentrates on the systems rendered highly soluble 

through solution imidization, it could be concluded that the 

proposed crosslinking and/or branching mechanisms occurring 

under the high temperature conditions of conventional 

imidization [77-79 l are avoided during the milder solution 

techniques. Furthermore, if the NMP solvent is actually 

highly associated with the amic acid species in the manner 

recently described by Brekner and Feger [ 45], this would 

tend to suggest the existence of solvent separated polymer 

chains. Steric arguments would indeed greatly favor 

in tr amo l ecular cyclization rater then intermolecular 

crosslinking reactions under normal solution imidization 

conditions, resulting in perfectly linear chains. However, 

the fact that certain systems were not rendered soluble via 

solution imidization complicates the picture. Because the 

insoluble systems were based on highly symmetric monomers, 

arguments may also be proposed for high chain rigidity as 

the reason for polyimide insolubility. Certainly, both 

factors may very well be involved. 

Additionally, certain solution imidized polymers 

exhibited strange behavior when dissolved in solvents such 
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as DMAC or NMP at high solids contents c-20 wt. %) • If these 

viscous solutions were allowed to set undisturbed for a few 

days at room temperature, they tended to "gel". Solution 

imidized copolymers containing less than 20 weight percent 

siloxane also exhibited similar behavior at high solids 

contents, as did molecular weight limited samples 

synthesized with phthalic anhydride. It was quickly 

discovered that if small amounts of heat were applied soon 

after "gelation" occurred, a homogenous solution was 

reformed, indicating the polymer had not crosslinked to 

produce a true covalently bonded gel. It: the concentrated 

solution was allowed to stand for long periods of time, 

however, the "gelled" polymer then took on the solubility 

characteristics of its conventionally imidized counterpart. 

That is, homogeneous siloxane modified polyimide solutions 

could only be reformed if the "gelled" copolymer was diluted 

to 5 percent solids and strongly heated. Unfortunately, 

unmodified polyimide controls could no longer be redissolved 

after long term aging in the "gelled" state. 

These peculiar solubility characteristics cannot be 

rationalized solely in terms of chemical crosslinking or 

chain rigidity arguments. It is possible that the employed 

polymer isolation procedure (sudden precipitation into a 

nonsolvent) traps solution imidized polymer chains in a 

conformational state unique 

imidization method. Once the 

to this newly developed 

isolated polyimide powder is 
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redissolved at sufficiently high concentrations under 

ambient conditions, adequate chain mobility becomes 

available for a conformationally favored polymer chain 

organization to occur. The driving force for this 

organization could possibly be the formation of charge 

transfer complexes as discussed in the literature review 

[ 33,92,93]. The extent to which the solvent takes part in 

this process has also not been quantitatively evaluated. 

Although the process may take several days, the organization 

eventually becomes irreversible in the case of the 

unmodified homo-polyimides as the polymers are rendered 

insoluble once a certain degree of order is achieved. This 

same phenomenon may be used to explaip the insolubility of 

conventionally imidized samples. Analogous to polymer 

salvation, adequate chain mobility for conformational 

organization to occur is present during conventional 

imidization when the polymer is imidized above its Tg, thus 

resulting in historically insoluble polyimide thin films. 

Clearly, more research must be conducted in this area to 

elucidate the reason Cs> for polyimide insolubility. A few 

possible approaches are presented in Chapter VI of this 

dissertation. 

4.5.2 Molecular Weight Determination 

4.5.2.1 Intrinsic Viscosities 

Relative molecular weights of the various soluble homo-
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and copolymers were measures=d through the use of intrinsic 

viscidities. Values obtained for conventionally imidized 

polyCimide siloxane) segmented copolymers based on BTDA and 

3, 3' -DDS are shown in Table 23. A wide range of samples 

containing different molecular weights and percentages of 

siloxanes were prepared and analyzed. As judged by the 

consistently high intrinsic viscosity values, high molecular 

weight copolymers were obtained throughout the entire 

composition range. This conclusion is also supported by the 

fact that all copolymer samples formed transparent creasable 

films possessing excellent mechanical properties. 

Intrinsic viscosity measurements were also employed to 

study the effect of imidization method on relative molecular 

weight.~ Values of solution imidized homopolyimide and 

BTDA/3,3'-DDS based polyCimide siloxane) copolymers are 

compared with the values of their bulk imidized counterparts 

in Table 24. Because the bulk imidized unmodified controls 

were insoluble, direct comparison between relative molecular 

weights was impossible via intrinsic viscosities. However, 

siloxane modified samples were soluble regardless of the 

method of imidization. These values indicated that 

comparable molecular weights were produced from both methods 

of imidization. Therefore, increased solubility was 

advantageously accomplished via solution imidization without 

a significant loss in molecular weight. Similar trends were 

observed for intrinsic viscosity values obtained on soluble 
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Table 23 

Intrinsic Viscosities of Conventionally Imidized 
PolyCimide siloxane) Copolymers CBTDA I 3,3'DDS Based) 

Siloxane Wt. % Siloxane Mn 

10 950 

10 2100 

10 5000 

10 10000 

20 950 

20 2100 

20 5000 

40 950 

60 2100 

Intrinsic Viscosity 
(NMP, 20 °C) 

0.69 

0.66 

0.71 

0.73 

0.84 

0.79 

0.51 

0.55 

0.57 

213 



Table 24 

Intrinsic Viscosities of Homo- and Copolyimides 
(Solution vs. Conventional Imidization) 

Imidization Intrinsic Viscosity 
PSX Wt. % PSX Mn Method CNMP, 20°C) 

BTDA/3 I 3' -MDA Control Bulk I 
Solution 0.84 

BTDA/ 4 I 4' -BAP Control Bulk I 
Solution 0.44 

BTDA/3,3'-DDS Control Bulk I 
Solution 1. 36 

10 900 Bulk 0.62 
Solution 0.63 

10 2100 Bulk 0.81 
Solution 0.73 

20 900 Bulk 0.84 
Solution 0.67 

20 2100 Bulk 0.73 
Solution 0.57 

40 900 Bulk 0.55 
Solution 0.58 

60 900 Bulk 0.57 
Solution 0.51 

I = Insoluble 
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polyCamide imide siloxane) copolymers (Table 25). 

The effects of the controlled addition of phtnalic 

anhydride on final polymer molecular weights were also 

qualitatively measured via intrinsic viscosities on a series 

of 6F/3,3'-DDS polyimides. This particular homopolyimide was 

found to possess adequate solubility, regardless of the 

method of imidization, allowing a direct comparison of the 

two imidization methods. In Figure 30, intrinsic viscosities 

were analyzed as a function of the amount of phthalic 

anhydride added. As expected, increasing the amount of 

phthalic anhydride caused the corresponding viscosity 

measurement, and therefore molecular weight, to decrease. 

This was a good indication that effective molecular weight 

control had indeed been achieved. In comparing the values 

obtained from both methods of imidization, the only 

significant discrepancy existed between 

synthesized using 1:1 stoichiometry. The 

the 

bulk 

samples 

imidized 

sample possessed a significantly higher intrinsic viscosity, 

possibly due to the reported end group chain extension 

reactions occurring during the latter stages of the 

conventional imidization process [49]. Under the milder 

conditions of solution imidization, end group chain 

extension did not seem to occur to as great an extent. 

4.5.2.2 Potentiometric Titration 

In addition to intrinsic viscosity measurements, the 
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Table 25 

Intrinsic Viscosities of PolyCarnide irnide siloxane) 
Segmented Copolymers CSiloxane Mn-= 1200 g/mole) 

PSX Wt. % 

TMAC/4,4'-0DA Control 

5 

10 

25 

so 

I = Insoluble 

Irnidization 
Method 

Bulk 
Solution 

Bulk 

Bulk 

Bulk 

Bulk 

Intrinsic Viscosity -
(NMP 20 °C) 

I 
1.41 

I 

I 

0.93 

0.65 
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1.1 

1.0 

0.9 0 Conventional Imidization 

X Solution imidization 

0.8 

0.7 

Polyimide 0.6 
Intrinsic 
Viscosity 0.5 

0.4 

0.3 

0.2 

0.1 

0.0 0 1 2 3 4 5 6 7 8 
Phthalic Anhydride Cone. (mole % ) 

Figure 30: Polyimide Intrinsic Viscosity vs. Mole Fraction 
Phthalic Anhydride Incorporated During Synthesis 
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phenolic terminated polyimide oligomer was also 

quantitatively analyzed for molecular weight via 

potentiometric titration of its end groups with 

tetramethylammoniwn hydroxide. The titration conditions 

employed were identical to those used to successfully 

titrate the phenolic terminated model compound. Based on the 

Carothers equation the oligomer had a theoretical molecular 

weight of 4000 g/m. Although the functional oligomer did 

possess an expected low intrinsic viscosity value of 0. 38 

dl/g, potentiometric titration failed to produce any 

significant and reproducible endpoint values, indicating 

that difunctionality had been lost during the polymerization 

process. More conclusively, commonly employed chain 

extension reactions involving the oligomer and incremental 

additions of small amounts of diacid chlorides also failed 

to yield high molecular weight poly(ester imide) copolymers, 

indicating loss of oligomer functionality. Because the 

phenolic terminated model compound maintained functionality 

under the identical synthetic conditions used to produce the 

oligomer, the loss of oligomer functionality must be 

attributed to phenomena taking place during the polymer 

synthesis itself, and not on premature end group reaction or 

decomposition. Quite possibly, the proposed equilibration 

reactions that occur during polyCamic acid) synthesis [291 

may be the reason for loss of difunctionality. This type of 

process redistributes molecular weight through polymer chain 
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cleavage, thus generating new chain ends void of the 

phenolic functionality. 

4.5.2.3 Gel Permeation Chromatography 

Gel permeation chromatography was also used as a 

qualitative measure of the molecular weights and molecular 

weight distributions of a few polyCimide siloxane) segmented 

copolymers. Due to chromatographic limitations, successful 

analysis could only be conducted on THF soluble samples, 

thereby limiting the field to copolymers that contained high 

amounts of siloxanes. The GPC trace of a BTDA/3, 3' -DDS 

sample containing 40 weight percent siloxane is shown in 

Figure 31. This copolymer was solution imidized. The trace 

depicts the typical symmetrical bell curve indicating a 

Gaussian distribution of polymer chains. A GPC trace of a 

conventionally imidized sample containing 60 weight percent 

siloxane is shown in Figure 32. Although not directly 

comparable, this copolymer had a broader distribution of 

molecular weights skewed towards the low molecular weight 

region. This indicates once again that side reactions may 

occur during the more severe conventional imidization 

schedule resulting in an alteration of the statistical 

molecular weight distribution. 

4.5.3 Proton NMR 

In addition to FTIR, chemical composition information 

219 



22 24 26 28 30 

SILOXANE CONTENT: 40 wt. % (Mn= 900 g / m) 
IMIDIZA TION METIIOD: SOLUTION 

DETECTOR: U.V. 
SOL VENT: THF 

32 34 36 
ELUTION VOLUME (ml.) 

Figure 31: GPC Trace of a Solution Imidized PolyCimide 
siloxane) Segmented Copolymer 
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SOLVENT: TI-IF 
DETECfOR: UV 

24 26 28 30 32 34 

ELUTION VOLUME (ml} 

36 38 40 

Figure 32: GPC Trace of a Conventionally Imidized 
PolyCimide siloxane> Segmented Copolymer; 
Siloxane Content = 60 Wt. %, Siloxane Mn = 950 
g/mole 
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was also obtained in the form of proton nuclear magnetic 

resonance. Figure 33 shows a typical NMR spectrum of a 

conventionally imidized BTDA/3, 3' -DDS based polyimide 

siloxane segmented copolymer. The theoretical amount of 

siloxane in the copolymer, based on initial reactant 

charges, was 40 weight percent. The spectrum shows a strong 

resonance at 0. 3 ppm, indicative of siloxane methyls and a 

series of aromatic proton resonances. The absence of peaks 

above lOppm due to residual carboxylic structures indicates 

quantitative conversion of the amic acid. Also, the actual 

amount of siloxane in the copolymer was determined by 

ratioing the peak areas of the aromatic proton region and 

the siloxane methyls. The amount of siloxane actually 

incorporated into the copolymer C 38 weight percent) agreed 

extremely well with the amount charged during the copolymer 

synthesis·, indicating quantitative incorporation. 

Proton NMR spectra were also obtained on solution 

imidized homo-polyimides to check for residual amic acid. In 

Figure 34, the DMSO-d6 solution spectrum of BTDA/3, 3' -DDS 

polyimide is detailed. This spectrum shows the expected 

aromatic proton resonances. Also visible in the aliphatic 

proton region are peaks due to residual solvent. Although 

difficult to totally remove, residual solvent can be 

quantitatively removed through careful purification 

techniques such as repeated precipitation. Again, no 

carboxylic acid structures were observed, indicating the 
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11 9 8 7 6 s 4 3 2 0 

Figure 33: Proton NMR Spectrum of a Conventionally Imidized 
PolyCimide siloxane) Segmented Copolymer; Siloxne 
Mn = 950 g/mole, Theoretical Siloxane Content = 
40 Wt. %, C38 % Siloxane Actually Incorporated 
via NMR Analysis) 
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Figure 34: Proton NMR Spectrum of Solution Irnidized 
Poly(Irnide Sulfone); Solvent= DMSO-d6 
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greatly increased solubility of the solution imidized 

polyimide was not due to incomplete conversion. 

4.5.4 Thermal Analysis 

4.5.4.1 Glass Transitions 

The polyCimide siloxane) copolymers were extremely 

interesting because the glass transitions of the "hard" and 

11 soft" segments comprising these systems approach the 

extremes -observed in polymer systems. Differential scanning 

calorimetry was the main analytical method used to ascertain 

the relative softening points of the homo- and copolymer 

systems. For certain copolymers, primary transitions were 

more easily detected through the use of dynamic mechanical 

thermal analysis at a frequency of 1 Hz. The glass 

transition is a very important property because a polymer's 

softening point often defines its upper use temperature. 

Listed in Table 26 are the upper glass transition values of 

various BTDA/3,3'-DDS conventionally imidized siloxane 

modified copolymer samples. These values were found to be a 

function of the amount of incorporated siloxane as well as 

the siloxane molecular weight. As expected, increasing the 

amount of siloxane in the copolymer caused the upper Tg to 

drop. If, on the other hand, the amount of siloxane 

incorporated was held constant, the glass transition 

temperature 

weight. In 

increased with 

most cases, 

increasing 

the upper 

siloxane molecular 

glass transition 
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Table 26 

Upper Glass Transition Temperatures of PolyCimid.e siloxane) 
Segmented Copolymers CBTDA I 3,3'-DDS Based) 

PSX Wt. % PSX Mn Tg C°C, DSC) 

Control 272 

10 950 256 

10 2100 263 

10 5000 264 

10 10000 264 

20 950 246 

20 2100 258 

20 5000 262 

40 950 A 

A) No transition detected in DSC scan 

Tg C°C, DMTA) 

273 

260 

267 

266 

248 

225 

226 



temperatures were depressed only slightly relative to that 

of the unmodified control, indirectly indicating that good 

microphase separation was achieved. The fact that the Tg was 

dependent upon the siloxane molecular weight indicated that 

partial phase mixing occurred to a greater degree in 

copolymer systems containing lower molecular weight siloxane 

oligomers. 

Subambient Tg' s afforded by the siloxane segments were 

difficult to detect by DSC for low levels of siloxane 

incorporation, i.e., less than 20 weight percent. At greater 

levels of incorporation, however, the transition was 

detected by both DSC and DMTA within the range of -117 to-

123 °C. These extremely low value~, essentially equal to the 

Tg of high molecular weight polydimethylsiloxane, also 

indicate the presence of microphase separated copolymer 

systems. 

The upper glass transition temperatures of solution 

imidized homo-and copolymer systems are listed in Table 27. 

The upper Tg's of the solutio imidized materials were found 

to be only slightly depressed from their bulk imidized 

counterparts. Therefore, greatly improved solubility 

characteristics were obtained through solution imidization 

without sacrificing upper use temperature. The small 

differences that do exist may be directly related to the 

small amounts of solvent that may still be present in the 

solution imidized materials. Residual solvent could 
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Table 27 

Upper Glass Transitions of Homo- and Copolyimides 
(Solution vs. Conventional Imidization> 

PSX Wt.% 

BTDA/3,3'-MDA 

BTDA/3, 3' -DDS 

10 

10 

20 

20 

40 

PSX Mn 

Control 

Control 

900 

2100 

900 

2100 

900 

Imidization 
Method _ 

Bulk 
Solution 

Bulk 
Solution 

Bulk 
Solution 

Bulk 
Solution 

Bulk 
Solution 

Bulk 
Solution 

Bulk 
Solution 

a Transition was detected via DMTA 

Tg C°C, DSC) 

234 
234 

272 
265 

256 
251 

263 
260 

246 
240 

258 
252 

22sa 
219a 
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plasticize the polymer slightly, giving it an apparent lower 

Tg value. Alternatively, the bulk imidized materials may 

possess small amounts of crosslinking which would act to 

increase the stiffness of the polymer slightly, and 

therefore the Tg. The conventionally imidized samples may 

also possess a slightly higher degree of microphase 

separation due to their thermal histories. These same trends 

indicating microphase separation were also observed for the 

poly C amide imide siloxane) copolymer systems (Table 28). 

Through the incorporation of siloxane segments, it was 

possible to synthesize copolymers containing moderate 

amounts of siloxane without greatly sacrificing upper use 

temperature. This luxury is not available when 

copolymerizing the commonly employed low molecular weight 

siloxane dimer [ 2161. When the dimer is used, microphase 

separation does not occur. Therefore, a single copolymer Tg 

results which is highly sensitive to siloxane content; a 

small amount of siloxane lowering the Tg and the upper use 

temperature substantially. 

To prove the existence of microphase separation in the 

segmented copolymer systems as suggested by thermal 

analysis, transmission electron microscopy CTEM) was 

employed. TEM is a popular analytical method which provides 

direct visual evidence of phase separation in segmented 

copolymer systems. Initial TEM's of carefully purified 

solution imidized copolymer films containing 20 weight 

229 



Table 28 

Upper Glass Transitions of PolyCamide imide siloxane) 
Segmented Copolymers CSiloxane Mn = 1200 g/mole) 

PSX Wt. % 
Imidization 

Method Tg C °C, DSC) 

TMAC/4,4'-0DA Control Bulk 290 
Solution 280 

5 Bulk 260 

10 Bulk 258 

25 Bulk 256 

so Bulk 219a 

a Transition was detected via DMTA 

230 



percent or less siloxane indeed showed microphase separation 

with the siloxane portion existing as spheres. The domain 

size was re la ti vely small, approximately 30 Angstroms, and 

phase contrast was somewhat poor. Additional research is 

being conducted at the present time in this area to resolve 

the details of microphase separation as a function of 

siloxane content and casting solvent. 

4.5.4.2 Thermooxidative Stability 

Both polyimides and polyorganosiloxanes are known for 

their excellent thermal stabilities. Therefore, it was 

expected that the combination of these two materials in the 

form of segmented copolymers would produce processable and 

soluble polyCimide siloxane) copolymers with excellent high 

temperature performance. Thermooxidati ve stability was 

measured primarily by thermogravimetric analysis. TGA scans 

of selected conventionally imidized BTDA/3,3'-DDS based 

copolymers analyzed under flowing air atmosphere are shown 

in Figure 35. It is evident that as siloxane content was 

increased, the onset of copolymer degradation occurred at 

lower temperatures. However, the samples maintained good 

thermal stability even at high siloxane levels of 60 weight 

percent. Similar behavior was observed for the solution 

imidized copolymer systems of identical structure, 

indicating that enhanced solubility was obtained through the 

solution imidization process without a loss in 
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Figure 35: Thermogravimetric Analysis of Conventionally 
Imidized PolyCimide Siloxane> Copolymers~ Effect 
of Altering Siloxane Content 
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thermooxidative stability (Figure 36). Regardless of the 

method of imidization, the char yields at high temperatures 

were found to be proportional to siloxane content, 

suggesting that a silicate-type structure is the principle 

degradation product in an air atmosphere. In contrast, TGA 

analysis of polyCamide imide siloxane) copolymers conducted 

under a nitrogen atmosphere exhibited the opposite behavior 

(Figure 37). In a nitrogen atmosphere, the char yield was 

found to be inversely proportional to the amount of siloxane 

in the copolymer, indicating the char yield consisted 

largely of a carbonous residue. The siloxane modified 

polyCamide imide) systems also exhibited good thermal 

stability relative to the unmodified control. Copolymers 

containing as high as 50 weight percent siloxane did not 

start to decompose until approximately 400°C. 

Poly< imide siloxane) copolymer thermal stability also 

varied with the molecular weight of the siloxane oligomer. 

This discovery is illustrated in Figure 38. Thermal 

stability was observed to increase with increasing siloxane 

molecular weight <weight percent siloxane held constant). 

From this observation it was concluded that degradation 

began in the aliphatic n-propyl segments linking the 

siloxane oligomers to the polyimide matrix. As the siloxane 

o 1 i gomer molecular weight was increased, the molar 

concentration of n-propyl linkages in the copolymer backbone 

decreased, thus improving overall thermal stability. 
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Figure 36: Thermogravimetric Analysis of Solution Imidized 
Poly<imide siloxane) Copolymers; Effect of 
Increasing Siloxane Content 
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Figure 38: Thermogravimetric Analysis of Conventionally 
Imidized Poly<imide siloxane> Copolymers; Effect 
of Altering Siloxane Molecular Weight 
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4.5.4.3 Thermomechanical Behavior 

Thermomechanical analysis was used to observe the 

relative softening points and pseudo-modulus versus 

temperature behavior of the copolymer systems. TMA traces 

for a series of conventionally imidized polyCimide siloxane) 

copolymers and polyCamide imide siloxane) copolymers are 

shown in Figures 39 and 40 respectively. As expected, 

samples containing higher amounts of siloxane showed 

decreased resistance to probe penetration. The traces 

indicate, however·, that the copolymers possess fairly high 

modulus values at elevated temperatures. In Figure 39, the 

analysis of a solution imidized copolymer containing 40 

weight percent siloxane is also graphed to compare the 

effects of imidization method on TMA performance. The 

solution imidized sample showed conventional thermoplastic 

behavior in that complete probe penetration occurred when 

the sample was heated ab6ve its Tg. In addition to increased 

solubility, this result was the first indication that the 

solution imidized materials also possessed enhanced 

processability characteristics. 

4.5.5 Mechanical Property Analysis 

The effects of siloxane incorporation on the mechanical 

strengths of the resulting copolymers was evaluated using an 

Instron model 1122. Tensile properties were determined on 
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Figure 39: Thermomechanical Analysis of PolyCimide siloxane) 
Segmented Copolymers 
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Figure 40: Thermomechanical Analysis of Poly(amide imide 
siloxane) Segmented Copolymers 
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dog-bone shaped specimens cut 

Mechanical properties proved 

siloxane content. However, 

from copolymer thin films. 

to be highly dependent upon 

essentially no changes in 

mechanical properties were observed when comparing samples 

of equal siloxane content and varying siloxane molecular 

weights. The changes in stress-strain behavior produced upon 

altering the siloxane composition are_ shown in Figures 41 

and 42 for a series of BTDA/3, 3' -DDS copolyimides and a 

series of modified poly(amide imide> systems respectively. 

The same trends were observed in both systems. Copolymers 

containing low to moderate amounts of siloxane behaved 

essentially as their corresponding unmodified controls. 

Thes~ materials were characterized by high modulus values as 

determined by the initial slope of the stress strain curve. 

Unlike the unmodified controls, however, these copolymers 

showed yield points and increased elongations to break, 

indicating improved ductility upon incorporation of the 

flexible siloxane segments. Copolymers with high 

concentrations of incorporated siloxane, where the siloxane 

was presumed to be the continuous phase, behaved as 

thermoplastic elastomers. These materials were characterized 

by comparatively low modulus values and extremely high 

elongations to break. Essentially, almost any type of 

mechanical response desired could be achieved through 

careful alteration of siloxane content. The numerical values 

derived from the stress-strain curves including tensile 
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modulus, tensile strength, and elongation to break are 

listed in Tables 29 and 30 for comparison. Due to higher 

chain rigidity, the polyimides were inherently stronger and 

possessed lower elongations to break than the corresponding 

polyCamide imide) systems. 

4.5.6 Surface Property Analysis 

Many researchers have been interested in the novel 

surface properties exhibited by siloxane block containing 

segmented copolymer systems. Systems that have been 

evaluated in the past include the poly( urethane siloxanes) 

(190], poly( carbonate siloxanes) (191,192], polyCester 

s i 1 oxanes) [ 19 3 l , poly C sulfone siloxanes) [ 19 3] , and 

polyCstyrene siloxanes) (194]. Essentially, the low surface 

energy properties of siloxanes provide a thermodynamic 

driving force for migration to the copolymer air or vacuum 

interface. XPS spectroscopy studies conducted on these 

copolymers showed that the surface compositions were 

predominately siloxane, even when the amount of siloxane 

incorporated during the synthetic process was relatively 

small. Through the incorporation of small amounts of 

siloxanes, the surface properties of these copolymers could 

be tailored to match those of siloxane while the ultimate 

properties remained largely those of the hard segments. 

For these reasons it was of interest to evaluate the 

surface migration phenomena in siloxane modified polyimides. 
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Table 29 

Mechanical Properties of PolyCimide siloxane) 
Segmented Copolymers CBTDA/3,3'-DDS Based) 

PSX Tensile 
C Wt.. % I Mn) Strength CMPa > 

Control 170 

5 I 950 142 

10 I 950 118 

10 I 2100 120 

10 I 5000 123 

10 I 10000 125 

20 I 950 83 

20 I 2100 72 

20 I 5000 86 

40 I 950 44 

Tensile 
Modulus CMPa) 

2250 

2110 

1910 

1950 

1880 

2040 

1300 

1330 

1340 

470 

Elongation 
to Break C %) 

9 

10 

15 

25 

15 

17 

25 

23 

20 

45 
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Table 30 

Mechanical Properties of PolyCamide. imide siloxane) 
Segmented Copolymers CSiloxane Mn = 1200 g/mole) 

PSX Wt. % 

5 

10 

25 

50 

Tensile 
Modulus 

CMPa) 

2050 

1900 

1010 

260 

Yield 
Stress 
CMPa) 

103 

101 

58 

22 

Elong. 
To Yield 

( % ) 

5.0 

5.5 

5.5 

8.0 

Stress at 
Break 
CMPa) 

117 

107 

82 

38 

Elong. 
to Break 

( % ) 

30 

30 

43 

145 
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Copolymers that possess the strength of polyimides while 

having hydrophobic, oxygen plasma resistant, siloxane rich 

surfaces would be of great value in a variety of aerospace 

and electrical applications. Copolymer surface compositions 

were initially evaluated in a semi-quantitative manner 

through the use of contact angle measurements. A variety of 

BTDA/3, 3' DDS based samples were analyzed and the contact 

angle values are summarized in Table 31. A significant 

increase in contact angle was observed between the 

unmodified control and copolymer samples containing only 10 

weight percent siloxane. These same trends were observed for 

the siloxane modified polyCamide imide) copolymer samples 

<Table 32). The extremely large contact angles obtained for 

the copolymers indicates the presence of a largely 

hydrophobic surface. In fact, the copolymer contact angles 

approached those of pure polydimethylsiloxane. Certain 

samples that were redissolved and recast possessed identical 

contact angles before and after dissolution, confirming the 

fact that the siloxane migration was reproducible. 

X-ray photoelectron spectroscopy was employed to 

quantify the surface compositions of the siloxane modified 

polyimides. By varying the angle of the sample re la ti ve to 

the analyzer, different depths of the copolymer surface were 

sampled, such that a 15 degree grazing take-off angle 

analyzed atomic percents from the uppermost surface < 10 to 

20 Angstroms) moreso than molecules from the bulk. The 90 
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Table 31 

Water Contact Angle Measurements of 
PolyCimide siloxane) Copolymers CBTDA/3,3'-DDS Based) 

Siloxane 
Wt. % 

Control 

10 

10 

10 

10 

20 

20 

20 

40 

40 (Recast) 

60 

Siloxane 
Mn 

950 

2100 

5000 

10000 

950 

2100 

5000 

950 

950 

2100 

Water Contact 
- Angle C 0 ) 

68 

92 

100 

98 

100 

101 

102 

102 

106 

105 

106 
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Table 32 

Water Contact Angles of PolyCamide imide siloxane) 
Copolymers CSiloxane Mn = 1200 g/mole> 

Siloxane Wt. % Contact Angle ( 0 ) 

Control 67 

5 92 

10 100 

25 103 

so 105 

248 



degree take-off angle, on the other hand, yielded 

compositional information more characteristic of the 

subsurface regions CSO to 100 Angstroms). A typical XPS wide 

scan spectrum of a siloxane modified polyimide is shown in 

Figure 43. All of the atoms present in the copolymer are at 

least slightly visible in the scan, including the sulfur and 

nitrogen atoms of the imide block. 

Results of the XPS studies conducted at different take-

off angles are outlined in Table 33. The data conclusively 

demonstrated that the siloxane component dominated the 

surface composition of the copolymer. Furthermore, the 

extent of domination was fairly independent of the amount of 

siloxane------incorporated into the copolymer, especially at the .--;·-

uppermost surf ace of the material. Copolymers synthesized 

with only small amounts of siloxane CS to 10 weight percent) 

possessed surfaces that were as much as 85 percent siloxane, 

indicating a strong tendency for surface migration. Thus, it 

was possible to achieve a surface characteristic of the 

siloxane component without sacrificing the beneficial high 

strength properties the polyimide segments bring to the 

~opolymer system. 

4.5.7 Water Uptake 

A detrimental property of polyimides and polyCamide 

imides) is the tendency of these materials to absorb water 

through hydrogen bonding. Depending on the chemical 
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Figure 43: XPS Wide Scan Spectrum of a Siloxane Modified 
Polyimide; Siloxane Content = 10 Wt. %, Siloxane 
Mn = 950 g/mole 
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Table 33 

XPS Analysis of Siloxane Modified Polyimide Thin Film 
Surfaces CBTDA/3,3'-DDS Based) 

Siloxane 
Wt. % 

5 

5 

10 

10 

10 

10 

20 

20 

40 

40 

Siloxane 
Mn 

950 

950 

950 

950 

10000 

10000 

950 

950 

950 

950 

Take-off_ 
Angle ( 0 ) 

15 

90 

15 

90 

15 

90 

15 

90 

15 

90 

Wt. % Siloxane 
at Surface 

85 

34 

77 

35 

87 

39 

87 

53 

86 

63 

251 



structure, these materials can absorb as much at 5 weight 

percent water. The presence of water in these systems can 

have severe effects on their ultimate thermal and mechanical 

properties [120]. Other properties such as dielectric 

constant and adhesive strength will also ultimately suffer. 

One of the benefits of siloxane block incorporation is that 

a hydrophobic copolymer surface is _ produced that will 

theoretically repel water and preserve the copolymer 

properties in humid environments. To evaluate. the 

effectiveness of siloxane in the prevention of water 

absorption, several homo-and copolymer films were immersed 

into a distilled water bath at 23°C. The samples were 

removed, blotted dry, and then weighed to determine water 

uptake. The percent water absorption was then plotted 

against time for the copolymers studied in Figures 44 and 

45. Both the polyimide and polyCamide imide) systems showed 

identical behavior. Water absorption was indeed 

significantly reduced upon siloxane incorporation and 

continued to decrease with increasing siloxane content. 

4.5.8 Adhesion Results 

One of the largest potential applications of polyimides 

is in the area of structural matrix resins and structural 

adhesives. For a high molecular weight linear polyimide to 

be considered in this type of application, it must have good 

flow properties and processability characteristics. Many 
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polyimides, however, do not possess adequate flow in their 

fully imidized states. Therefore, well consolidated 

materials with acceptable properties are not produced., 

Recently, certain linear high molecular weight polyimides 

containing unsymmetrical backbones and flexibilizing 

functional groups have been claimed to possess improved flow 

and have been used to produce void free adhesive bonds and 

composites with improved strengths [95-1021. 

The adhesive performances of the homo- and copolymers 

synthesized during the course of this research were 

evaluated through the preparation and testing of single lap 

shear adhesive joi~ts. Adhesive performance was evaluated as 

a function of many factors including sample form, 

imidization method, siloxane content, and polymer molecular 

weight. The adhesive strengths of a poly< imide siloxane> 

copolymer based on BTDA and 3, 3' -DDS are shown in Table 34 

as a function of sample form. For comparison, results of the 

unmodified control are also shown. Both polymers were 

synthesized employing 1:1 stoichiometry. All reported values 

are an experimental average of at least three test samples. 

In all cases, the thermal history prior to bonding played a 

major role in determining adhesive strengths. 

In the first method tested, thin films obtained from 

the conventional high temperature thermal imidization 

process were pressed between titanium adherends in an 

attempt to produce adhesive bonds based solely on 
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Table 34 

Effect of Imidization method and Sample Form on 
Adhesive Performanc~ 

Sample Form 
Imidization 

Method 
Lap Shear 

Strength (psi> 

BTDA / 3,3'-DDS Polyimide 

Thin Film Bulk 

Powder Solution 

Poly(amic acid) Bulk 
on Scrim Cloth 

Polyimide on Solution 
Scrim Cloth 

BTDA I 3,3'-DDS Poly(imide siloxane> Copolymer 
(20 Wt. % PSX, Mn = 800 g/m) 

Thin Film Bulk 

Powder Solution 

Poly(amic acid) Bulk 
on Scrim Cloth 

Polyimide on Solution 
Scrim Cloth 

a Errors are less than 10 percent 

o.ob 

2400 

3000 

2900 

650 

4400 

2900 

4000 

b No adhesion took place under the bonding conditions 
employed 
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thermoplastic behavior. This method proved highly 

unsuccessful however because the films did not flow 

sufficiently to produce high strength bonds. The second 

method evaluated was identical to the first, however the 

samples were present as solution imidized powders instead of 

the conventionally imidized thin films. A dramatic 

improvement in adhesive strengths w~s observed for the 

solution imidized samples. Excellent lap shear strengths of 

2, 300 psi and 4, 000 psi resulted for the homopolyimide and 

the siloxane modified polyimide respectively, indicating 

much improved flow for the solution imidized materials. 

Reasons for the improved flow parallel the arguments used to 

explain the greatly improved solubility characteristics of 

the /solution imidized materials. If a polymer is lightly 

crosslinked or slightly organized into reinforcing domains 

due to its thermal history a much greater resistance to flow 

will occur, resulting in dramatically decreased 

thermoplastic performance. It is believed that under the 

conditions of the milder solution imidi zation process, a 

highly linear polymer free of crosslinks and/or organized 

regions is produced. Therefore, the solution imidization 

technique may play a vital role in synthesizing thermally 

stable polyimides with improved processability 

characteristics in the future. 

Because siloxanes are known as release agents, it is 

also surprising that an increase in adhesion strength 
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resulted from the incorporation of siloxane segments. 

Possibly the overriding consideration in determining 

adhesive strength is the improved flow characteristics the 

siloxane segments impart on the copolymer system. 

The third type of adhesive preparation listed in Table 

33 modeled the. methods used by researchers at NASA Langley 

to bond their so called thermopla~tic polyimides for 

evaluation [94). In this method, the polyCamic acid) is 

coated onto a scrim cloth (112 E glass) and slowly heated to 

160°C. There is no doubt that this thermal cycle does not 

fully imidize the material or remove all of the casting 

solvent. The scrim cloth carrying the polyimide resin was 

then bonded between the titanium adherends. During the 

bonding cycle the partially imidized polymer possesses 

enhanced flow and the presence of the scrim cloth allows a 

nondestructive path for the imidization volatiles and 

residual solvent to be removed without creating voids in the 

bond line. The scrim cloth may also act as reinforcement, 

further increasing bond strengths. Due to the combination of 

all these factors, good lap shear strengths were produced 

for both the homo- and copolyimide samples evaluated in this 

study. The results were similar to the values obtained from 

the solution imidized powders that were bonded without the 

use of scrim cloth, however. 

In an attempt to further evaluate the effect of the 

scrim cloth on overall adhesive performance, the solution 
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imidized samples were also redissolved and coated onto scrim 

cloth and bonded. The resulting lap shear strengths were 

again similar to those obtained from bonding the solution 

imidized powders directly, indicating that the scrim cloth 

did not improve overall bond strengths as long as the 

polyimide resin was completely imidized and the solvent 

completely removed prior to bonding. 

The effect of siloxane content on adhesive performance 

was also evaluated using single lap shear testing. The 

results are shown in Table 35. The lap shear strengths 

indicate that no decreases in adhesive performances were 

observed for samples containing low to moderate amounts of 

siloxane. Only at high siloxane levels of 40 weight perce~t 

do the values fall below 2000 psi, the lower limit for 

consideration as a structural adhesive. Based on the results 

of the single lap shear studies, these materials were 

considered to be excellent candidates for structural 

adhesives and matrix resins, especially in the solution 

imidized form. 

Also apparent in the Table 35 is the effect of 

controlling the polymer's molecular weight through the 

addition of phthalic anhydride. Samples that were molecular 

weight limited by the addition of about 2 mole percent 

phthalic anhydride possessed lower intrinsic viscosities and 

slightly higher lap shear values. Presumably, the improved 

adhesive properties resulted from improved flow 
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a 
b 
c 

I 

Table 35 

Effect of Siloxane Content and Molecular weight on 
Adhesive Performance CBTDA / 3,3'- DDS Based)a 

PSX Wt. % PSX Mn 
Intrinsic Viscosity 

(NMP, 20 °C) 
Lap Shear 

Strength (psi )b 

Control I 3000 

Control re 3300 

10 950 0. 69 2500 

10 950 0.4oc 3000 

20 950 0.84 2900 

20 950 o.Jac 2900 

40 950 0.55 1700 

40 950 0.34c 1900 

Errors less than 10 percent 
Poly(amic acid) coated onto scrim cloth 
2 mole percent phthalic anhydride added 
(theoretical molecular weight = 20,000 g/m> 
Insoluble 
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characteristics due to lower polymer molecular weight. 

However, the beneficial effects of molecular weight control 

on adhesive performance were not as great as was the method 

of imidization. 

4.5.9 Oxygen Plasma Studies 

Long-term stability within the space environment is a 

major materials concern. It is estimated that large space 

structures such as the proposed space station must be able 

to exist in the low earth orbit CLEO) atmosphere for at 

least 20 years to be monetarily feasible. As discussed in 

the literature review, atomic oxygen CAO) is the predominant 

species encountered by spacecraft is in LEO. Additionally, 

atomic oxygen degradation has proved to be a major concern 

since commonly used aerospace materials have shown 

considerable degradation in this type of atmosphere. Recent 

experiments, conducted on space shuttle flights and in AO 

atmospheres generated on 

are remarkably stable 

earth, have shown that siloxanes 

to atomic O]Cygen degradation 

[230,231,233]. Therefore, it was of interest to evaluate the 

stability of the siloxane modified polyCamide imide) and 

polyimide copolymer systems in a simulated atomic oxygen 

environment. After exposure, each sample was evaluated for 

weight loss. X-ray photoelectron spectroscopy and scanning 

electron microscopy were used to determine the changes in 

surface composition and appearance of each sample after 
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exposure. 

Relative weight losses attributed to oxygen plasma 

exposure are shown in Tables 36 and 37 for both the 

polyimide and polyCamide imide) systems evaluated. The most 

significant weight losses were displayed by the unmodified 

controls. Advantageously, even low levels of siloxane 

incorporation were observed to greatly_ reduce the amount of 

weight loss. In fact, materials that contained large 

percentages of siloxane did not undergo any observable 

weight loss, indicating that siloxane was instrumental in 

increasing and maintaining stability under oxygen plasma 

environments. Weight losses were more appreciable for the 

polyCamide imide) systems due to the longer sample exposure 

times. 

XPS proved to be an extremely useful technique for the 

analysis of surfaces exposed to the oxygen plasma 

environment. After exposure, XPS detected large changes in 

atomic abundances and smaller but significant changes in 

chemical structure manifested through shifts in the electron 

binding energies of a few atoms. The wide scan XPS spectra 

Ctake off angle = 90°) of a polyCamide imide) siloxane 

copolymer before and after exposure to oxygen plasma are 

shown in Figures 46 and 47 respectively. The differences in 

the relative atomic compositions of the copolymer films is 

significant. For example, carbon 

essentially no longer present on 

and 

the 

nitrogen 

surf ace of 

were 

the 
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Table 36 

Oxygen Plasma Stability of PolyCimide siloxane) 
Copolymers a 

Dianhydride Diamine PSX Wt. % 
Weight Loss 

PSX Mn <mg I cm2 > 

----------------------------------~-------------------------

PMDA 4,4'-0DA 1.86 

BTDA 3,3'-DDS 1.86 

BTDA 3,3'-DDS 10 950 0.75 

BTDA 3,3'-DDS 20 950 0.67 

BTDA 3,3'-DDS 30 950 0.24 

BTDA 3,3'-DDS 50 950 0.0 

BTDA 4,4'-0DA 2.13 

BTDA 4,4'-0DA 20 950 0.30 

BTDA 4,4'-0DA so 950 0.14 

a All values are averages of multiple evaluations 
Exposure time = 45 minutes 
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Table 37 

Oxygen Plasma Stability of PolyCamide imide siloxane) 
Segmented Copolymers CSiloxane Mn = 1200 g/mole)a 

Siloxane Wt. % Weight Loss (% per unit area) 

Control 55 

5 18 

10 11 

25 10 

50 1.0 

a All values are averages of multiple evaluations 
Exposure time = 2 hours 
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copolymer films after exposure. The surface concentration of 

oxygen also grew considerably. The presence of silicon, 

however, remained largely unchanged in abundance. The 

quantitative relationships of the relative atomic abundances 

and the various shifts in electron binding energies of a few 

atoms are shown in Tables 38 and 39 respectively. As 

expected, the exposed film surfaces_ exhibited increased 

oxygen coverage and reduced carbon signals while the silicon 

concentration remained more or less constant. Unlike the 

exposed polyCamide imide) control, the oxygen content of the 

copolymer increased largely at the expense of the carbon 

atom percentage. It was also observed <Table 39) that the 

silicone atom binding energies shifted after exposure by 

approximately 2 electron volts, suggesting an increased 

number of oxygen atoms had bonded to the silicon atoms. The 

binding energies are also very similar to those obtained by 

researchers performing similar oxygen plasma studies on 

crosslinked polydimethylsiloxane (244]. These experiments 

support the theory that organosiloxanes convert to an 

inorganic ceramic-like layer when exposed to oxygen plasmas, 

thus protecting the underlying substrates from further 

degradation. The general transformation is outlined in 

Scheme 26. 

Scanning electron microcopy was employed to study the 

surface morphology of films before and after exposure. 

Representative micrographs are shown in Figures 48 and 49 
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Table 38 

Change in Atomic Abundance Upon Exposure to Oxygen Plasma 
XPS Results for PolyCamide imide siloxane) Copolymers 

PSX Wt. % Statusl 

Control 

Control 

5 

5 

25 

25 

1 U = Unexposed 
E = Exposed 

u 

E 

u 

E 

u 

E 

Atomic Abundance 
C O Si 

75 

57 

62 

5.5 

63 

5.5 

16 

38 

23 

65 

21 

66 

2.1 

o.o 

11 

30 

12 

29 

N 

6.9 

5.0 

4.0 

o.o 

4.0 

o.o 

268 



Table 39 

Changes in Binding Energies Upon Exposure to Oxygen Plasma 
XPS Results for PolyCamide imide siloxane) Copolymers 

PSX Wt. % Statusl 
Binding Energies Cev) 

Cls Si2s Si2p Ols 

5 u 285.0 153.2 102.3 532.4 

5 E 285.0 155.0 104.1 533~5 

25 u 285.0 153.4 102.2 532.3 

25 E 285.0 155.7 104.7 534.0 

Polysiloxane [244] u 285.0 153.9 103.0 532.6 
-

Polysiloxane [244] E 285.0 155.4 104.4 533.4 

1 u Unexposed = 
E = Exposed 
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Scheme 26 

Proposed Siloxane to Silicate Transformation 
Upon Exposure to Oxygen Plasma 
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Figure 48: Representative SEM Photograph of an Unexposed 
PolyCimide siloxane> Segmented Copolymer Sample; 
Siloxane Content = 50 Wt. %, Siloxane Mn = 950 
g/mole 

Figure 49: Representative SEM Photograph of an Exposed 
PolyCimide siloxane> Segmented Copolymer Sample; 
Siloxane Content = 50 Wt. %, Siloxane Mn = 950 
g/mole 
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Figure 50: Representative SEM Photograph of an Exposed 
Unmodified Polyimide Homopolymer 
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for the polyCimide siloxane) segmented copolymer systems. In 

all cases, the unexposed surfaces were relatively smooth and 

featureless. The exposed surfaces, on the other hand, 

displayed evidence of induced texturing due to oxygen plasma 

exposure. More specifically, microcracks were observed to 

form in all of the exposed copolymer surfaces. These 

observations are in sharp contrast to tpe exposed surf ace of 

the unmodified polyimide control (Figure 50). It is proposed 

that the silicate layer formed upon exposure is structurally 

. strained and cracks because of the stresses induced by the 

underlying organic polymer. 
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V. CONCLUSIONS 

The major objectives of the research described in this 

dissertation were centered around the synthesis and 

characterization of soluble, processable, linear, high 

molecular weight homo- and copolyimides for use as 

structural matrix resins, structural adhesives, and 

protective coatings. Siloxane modified polyimide and 

poly C amide imide) systems were indirectly prepared through 

the reaction of various aromatic anhydrides, aromatic 

di amines, and amine terminated polydimethylsiloxane 

oligomers to generate linear high molecular weight polyCamic 

acid) intermediates. Overall siloxane contents ranged from 5 

to 70 weight percent. The di functional siloxane oligomers, 

ranging in molecular weights from 800 to 10, 000 g/m, were 

conveniently synthesized through an anionic equilibration 

reaction involving the ring opening polymerization of the 

cyclic siloxane tetramer, 04, in the presence of a siloxane 

containing diamine. 

The aromatic monomers and siloxane oligomers were 

reacted in a cosolvent system consisting of a dipolar 

aprotic solvent and an ether solvent to achieve homogeneous 

solution copolymerization over the entire composition range. 

Best results were achieved when the siloxane oligomer was 

"capped" with excess dianhydride prior to chain extension 

with the aromatic diamine. Calculated amounts of phthalic 
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anhydride were also added as a monofunctional reagent to 

define chain end-groups and limit polymer molecular weight. 

When synthesizing molecular weight limited polymers, the 

monomers were added as solutions to avoid the possible 

molecular weight control problems associated with the 

conventional mode of monomer addition. 

Polyimides were then prepared fr_om the corresponding 

poly Camic acid) intermediates through thermal 

cyclodehydration process~s. Two different thermal treatments 

were used. The first method followed well-established 

techniques and involved the imidization of solution cast 

poly(amic acid) films. Upper imidization temperatures above 

the glass transition of the fully cyclized system (300°C) 

had to be employed to ensure adequate chain mobility to 

achieve quantitative ring closure using this method. A new 

imidization procedure was developed, however, in which 

quantitative cyclodehydration was achieved using an NMP/CHP 

coamide solvent at temperatures in the range of 140 to 

170 °C. In this system, NMP had the role of solvating the 

molecular species and CHP was responsible for removing the 

water of imidization from the reaction medium. 

Advantageously, quantitative imidization was achieved in 

solution at lower temperatures because the imidizing species 

remained soluble at all times during the process. 

FTIR was used to monitor the progress of the solution 

imidization and to generate conversion versus time data at 
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four different temperatures. Through the band ratio method 

it was concluded that formation of the imide linkage was 

closely followed by the disappearance of the amic acid 

moiety, indicating the absence of significant side 

reactions. The conversion data could be described entirely 

by first order kinetics with respect to time and an 

activation energy of 26 kcal/mole (109_ kj/mole) was derived 

for the ring closure process. Proton NMR and thermal 

analysis also indicated that conversion of the amic acid was 

quantitative under the novel solution conditions. 

Various characterization techniques were employed to 

adequately assess the effects of siloxane oligomer 

incorporation and imidization method on Cco)polymer 

properties. Polymer solubilities were found to greatly 

improve upon siloxane oligomer incorporation. Even more 

dramatically, polyimides that have been historically 

insoluble were synthesized in highly soluble form using the 

solution imidization technique. Furthermore, gains in 

solubility were achieved without major sacrifices in 

thermooxidative stability or upper use temperature as judged 

by TGA and DSC measurements respectively. Mechanical 

properties were highly dependent upon siloxane 

incorporation, however. Copolymers containing high levels of 

siloxane behaved as thermoplastic elastomers whereas samples 

with small amounts of siloxane behaved essentially as 

modifies polyimides. 
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The adhesive properties of the siloxane modified 

copolymers were judged to be excellent. The release agent 

qualities of siloxanes were largely suppressed in the 

segmented copolymer systems as polyCimide siloxane> 

copolymers were successfully used to make single lap shear 

bonds with strengths in excess of 4,000 psi. The solution 

imidized homo- and copolymers produced bonds with the 

greatest strengths, indicating that these materials also 

possessed greatly improved flow properties when compared 

with conventionally imidized samples. 

Due to the high degree of incompati.bility of the "soft" 

siloxane segments and the "hard" aromatic segments, 

microphase separation developed at relatively low siloxane 

block molecular weights, as indicated by thermal and TEM 

analysis. Because the polydimethylsiloxane displays a very 

low surface energy, a thermodynamic driving force existed 

for the siloxane portion of a segmented copolymer system to 

migrate to the air or vacuum interface of the copolymer. 

Indeed, contact angle measurements and XPS studies indicated 

that copolymer film surfaces were almost entirely siloxane, 

even when the amount of siloxane incorporated during the 

synthetic process was low. 

Two extremely beneficial properties of the copolymers 

were directly linked to the formation of a siloxane rich 

surface. Copolymer water uptake was greatly reduced, 

especially for the polyCamide imide) systems, due to the 
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hydrophobicity of siloxanes. Of major importance was the 

fact that siloxane modified copolymers displayed enhanced 

resistance to oxygen plasma degradation. XPS and SEM studies 

indicated that this stabilization resulted because the 

organic s i loxane-r i ch surf ace transformed 

structurally strained inorganic silicate layer 

protected the underlying polymer from d~gradation. 

into a 

which 
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VI. SUGGESTED FUTURE STUDIES 

During the course of many scientific endeavors, the 

research undertaken produces many conclusions while posing 

new unanswered questions. Discussions here will be devoted 

to recommended additional investigations that may prove 

highly useful as research in this area ~ontinues. 

The homo- and copolyimides discussed in this 

dissertation were synthesized through polyCamic acid> 

intermediates followed by cyclodehydration. Fundamental 

studies involving the accurate deter~ination of molecular 

weights and molecular weight distributions of the polyCamic 

acid> intermediates and their imidized analogues should be 

conducted with respect to various parameters. Through GPC 

measurements, the effects of monomer stoichiometry or the 

addition of monofunctional reagents on molecular weight and 

molecular weight distribution could be monitored as a 

function of time during poly<amic acid) synthesis and 

storage. In this manner the existence of detrimental 

equilibration or hydrolysis reactions, resulting in the 

destruction of desired oligomer nonfunctionality or 

difunctionality, could be verified. 

The derived polyCamic acid) molecular weight parameters 

should also be correlated with those of the resulting 

polyimides as a function of imidization method. GPC or light 

scattering measurements would be useful analytical methods 
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to aid in this type of investigation. Changes in molecular 

weight and molecular weight distribution that occur during 

imidization could be elucidated in a more quantitative 

manner than through intrinsic viscosity measurements alone. 

This type of study may also provide incite as to why the 

solution imidized polymers are significantly more soluble 

than the conventionally imidized sample~. Along these lines, 

analytical methods such as solid state carbon thirteen NMR 

may directly detect the proposed crosslinking or branched 

functionalities C such as imines > responsible for rendering 

the conventionally imidized samples insoluble. Additionally, 

the high temperature annealing of solution imidized polymer 

films to detect the formation of oriented or organized 

structures via SAXS techniques or significant band shifts in 

FT.IR spectra may be useful. A combination of these studies 

could very well determine the reason(s) for polyimide 

insolubility. 

The kinetics of the solution imidi zation process were 

only determined for a single polymer structure at one 

solution concentration. It would be interesting to determine 

imidization rates as a function of polyimide backbone 

composition and as a function of overall solids content. 

Through varying chemical composition, inductive and 

resonance effects that occur during imidization could be 

investigated. If NMP is highly associated with the polyCamic 

acid) species as proposed, the kinetics may also be 
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concentration dependent. This possibility could also be 

studied, of course, by switching to DMAC as an imidization 

medium. To verify quantitative imidization, especially under 

the solution imidization conditions, a potentiometric 

titration procedure to analyze for small amounts of residual 

carboxylic acid may also be helpful. 

Further copolymer characte_rization should be 

true thermoplastic behavior must 

the generation of melt viscosity 

undertaken. Specifically, 

be demonstrated through 

versus shear rate data, especially for the solution imidized 

samples. This data may also be used to evaluate the 

effectiveness of intentionally added phthalic anhydride in 

defining end group functionalities and limiting molecular 

weight. 

More sophisticated atomic oxygen degradation studies 

are also required. High level simulation <Lockheed) or 

actual LEO exposure (NASA space shuttle experiments) would 

determine the stability of the siloxane modified engineering 

polymers under the combined effects of atomic oxygen, 

ultraviolet radiation, and vacuum. Additional analytical 

techniques, such as secondary ion mass spectroscopy (SIMS) 

may also provide complementary and perhaps conclusive 

evidence for the surf ace changes that occur upon exposure to 

atomic oxygen. 
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