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ABSTRACT 

IM IDE/ARYLENE ETHER COPOLYMERS 

Brian J. Jensen, Ph.D. 

V i rg in ia  Commonwealth U n iversity 

Major Director:  Dr. R. G. Bass 

Three different series of i mide/ary lene ether block copolymers were 

prepared using two different im ide blocks and two different arylene ether 

blocks. Block molecular weights studied were 31 1 0  and 6545 g/mole for 

each block and al l  fou r  combi nations possible were prepared in each series. 

Also , several segmented copolymers were prepared by forming the i mide 

segment and the copolymer i n  the presence of the pre-formed arylene ether 

block. 

Two amine-terminated poly(ary lene ether) blocks (ATPAE) were 

prepared by reacting 1 ,3-bis(4-fluorobenzoyl)benzene with either 2 ,2-bis(4-

hydroxyphenyl)propane (BPA) or  9 ,9-bis(4-hydroxyphenyl)fluorene (BPF) and 

4-aminophenol .  Two anhydride-terminated po ly(amic acid) blocks were 

prepared by reacting 4 ,4'-oxyd ian i l i ne (ODA) o r  1 ,3-bis(4-aminophenoxy-4'

benzoy l)benzene (BABB) with 3 ,3' ,4 ,4'-benzophenonetetracarboxy l ic 

d ianhydride (BTDA). The ATPAEs were reacted with the anhydride

term inated poly(amic acids) to prov ide b lock copolymers which were either 

thermally or  solut ion i midized. Thermal i midizat ion was accompl ished by 

heating 1 h each at 1 00, 200 and 300°C whi le solut ion im idization was 

accompl ished by adding toluene to the react ion ,  heat ing to 1 55°C overn ight 

and col lect ing the toluene/water azeotropic mixture in a Dean-Stark trap. 
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Some of t he b lock copolymers displayed two Tgs indicating incomptabi l i ty 

and phase separat ion ,  especial ly for the h igher molecu lar weight blocks. 

The copolymer series preapred by reacting the ATPAE (BPA) blocks 

with the ODA/BTDA blocks i n  N ,N-dimethylacetamide (DMAc) had inherent 

viscosities as h igh  as 1 .37 dUg .  The copolymer series prepared by react ing 

ATPAE (BPA) blocks with BABB/BTDA blocks i n  D MAc o r  N-methyl

pyrrol idinone (NMP) had inherent v iscosities as high as 1 .73 dUg .  The 

copolymer series prepared by reacting ATPAE (BPF) blocks with BABB/BTDA 

blocks in DMAc, NMP or m-cresol had inherent viscosities as h igh as 1 .08 

dUg.  The copolymers were characterized by differential scann i ng calorimetry 

(DSC),  torsional braid analysis (TBA) ,  thermogravimetric analysis (TGA) and 

wide angle x-ray diffract ion (the BABB/BTDA i mide is semi-crysta l l i ne) . 

Mechanical properties were measured on  copolymer f i lms and fractu re 

energies were measured on mo ldi ngs. One copolymer was end-capped at a 

control led mo lecu lar weight to improve processing and evaluated as an 

adhesive and g raph ite composite matrix .  The chemistry and properties of the 

copo lymers wi l l  be di scussed and compared to those of the homopolymers. 
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ABBREVIATIONS 

Ad - Adhesive 

ASTM - American Society for Testing and Materials 

ATPAE - amine-termi nated po ly(arylene ether) 

BABB - 1 ,3-bis(4-aminophenoxy-4'-benzoyl)benzene 

BPA - 2 ,2-bis(4-hyd roxypheny l)propane 

BPF - 9 ,9-bis(4-hydroxypheny l)f luo rene 

BTDA - 3,3' ,4 ,4'-benzophenonetetracarboxylic d ianhydride 

CHP - N-cyclohexyl-2-pyrrolid i none 

Coh - cohesive 

DABP - d iaminobenzophenone 

DMA - dynamic mechan ical analysis 

DMAc - N , N-di methylacetamide 

DMSO - di methylsu lfoxide 

Dp - degree of polymerizat ion 

DSC - differential scann ing calorimetry 

DTA - differential thermal analysis 

FBB - 1 , 3-bis (4-f luorobenzoy l)benzene 

G1 c - fracture energy 

GPC - gel-permeation chromatography 

IR - i nfrared 

ITGA - isothermal g ravi metric analysis 

K1 c - fracture toughness 

Ksi - one thousand Psi 

LALLS - low angle laser l ight scatteri ng 

LARC-CP I  - Lang ley Research Center-Crystalli ne Poly imide 
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ABBREVIATIONS (CONTINUED)  

Mn - number-average molecular weight 

Mw - weight average molecular weight 

NMP - N-methylpyrrolid i none 

ODA - 4 ,4'-oxydian i l i ne 

PAE - poly(arylene ether) 

PI - polyim ide 

PMDA - pyromellitic dianhydride 

Psi - pounds per square i nch 

RT - room temperatu re 

S l  - solut ion im idized 

TBA - tors ional braid analysis 

Tg - glass transit ion temperature 

Tm - melt ing temperatu re 

WAXS - wide angle x-ray scatteri ng 
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I MIDE/ARYLENE ETHER COPOLYMERS 



INTRODUCTION 

H igh performance/h igh temperatu re po lymeric materials are currently 

used in  many appl ications,  such as i nsu lators for microelectronic 

components, bi nders i n  brake systems, coat ings on  cookware and functional 

and structural applicat ions on  advanced ai rcraft , space vehicles and missi les. 

Research on  these materials began in  the late 1 950s, sponsored primari ly  by 

the Department of Defense. S ince then a g reat deal of research has been 

conducted by the mi l itary and civi l ian aerospace organizat ions concerning 

thermal ly stable organic polymers. These materia ls are fi nd ing i ncreasing 

use in  today's marketplace because of advantages in mechan ical propert ies, 

processabil ity and enviro n mental resistance to corrosion ,  radiat ion and 

temperature extremes ( 1  ) .  Polymeric materials also are used i n  both 

funct ional (sealants, coatings and f i lms) and structural (adhesives, foams and 

composite matrices) applicat ions. 

Early research on heat resistant polymers produced many d ifferent 

thermally stable po lymers,  as measured by thermograv imetric analyses 

(TGA), with h igh g lass transit ion temperatures (Tg ) .  However, most of these 

new systems were i nso luble,  i ntractable and could not be processed i nto 

useful components. Because of this, many of  the new polymers were referred 

to as "brick dust" and were soon realized to be of l i tt le or no use. The 

chemical groups and structural features of a polymer that provide opt imum 

heat resistance, such as aromatic or  heteroaromatic g roups, po lar moieties, 

i nterchain i nteract ions and crystal l in ity, almost i nvariably increase melt 

v iscosity and g lass t ransit ion temperature and decrease solubi l ity which 

makes processi ng these materials i nto useful components much more 

diff icult . Conversely, the features which i ncrease processabi l ity tend to 
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decrease thermal stability and lower the Tg of the polymer. Typical ly, the 

thermal stabi l ity of the polymer is  compromised i n  an effort to improve its 

processabi l ity. One way to i mprove processabil ity is to incorporate g roups 

such as oxygen ,  methylene, carbonyl and su lfonyl or  1 ,3-phenylene l i nkages 

to impart f lexibi l ity and so lubi l ity to the po lymer by d isrupt ing chain symmetry.  

However, thermal stabi l i ty is  genera l ly reduced when these changes are 

made. Other methods to i mprove the processabi lity of a polymer include 

contro l l ing the molecu lar weight by offsett ing monomer sto ich iometry or  

adding a monofunct ional reactant, i ntroducing plasticizers or  l ow molecular 

weight additives and the use of reactive o ligomers. Virtual ly every thermal ly 

stable heterocycl ic polymer prepared by the formation of the heterocyclic ring 

that can be prepared has been reported. Obtai n ing s ign ificant improvement 

i n  thermal stabi l ity of organic po lymers is un l ikely ( 1  ). As techno logy 

demands new materials with tai lored properties, i mprovements in 

macromolecular design ,  processabi l ity and processing techn iques are l i ke ly .  

When considering a polymer for h igh temperature applications ,  the 

thermal stress in terms of t ime,  temperature and environment must be defi ned. 

To be useful for high temperature appl ications,  a polymer must retai n usable 

mechanical propert ies for tens of thousands of hours at 1 77°C, thousands of 

hours at 230°C, hundreds of hours at 300°C, m inutes at 540°C and seconds 

at 700°C or above. Si nce the type of environment also effects the polymers 

thermal stabi l ity, it must also be thoroughly described (2) .  E nvironments with 

extreme thermal cycl ing (hot/co ld) ,  radiation ,  chemical attack or physical 

stress can cause material degradat ion leading to fai lure .  For most 

applicat ions,  the use temperature of thermoplastics is governed by the g lass 

transition temperature of the po lymer. For appl ications requiring mechan ical 

properties, the polymer Tg should be at least sooc h igher than the use 
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temperature to avoid creep. Creep is the permanent flow-l ike deformat ion of 

a polymer for a given t ime, temperature ,  stress environment and is a basic 

l im itat ion for thermoplastics. On the other hand, thermosett ing materials  are 

typically h ighly crossl inked and resist creep closer to the i r  Tg (if they have a 

Tg) than thermoplastics. 

Heat resistance is the capacity of a material to retai n useful properties 

for a specific period of t ime at elevated temperature under defi ned condit ions. 

Both reversible and i rreversible changes can occur i n  polymers. A reversible 

change, for example,  is deformation under load of a polymer as it is heated 

near the Tg . The deformat ion occurs without change i n  chemical structure .  

I rreversible changes alter the  chemical structure, for  example,  bond breaki ng 

by exceeding the thermal stabil ity of a polymer. The chemical factors which 

i nfl uence thermal stability i ncl ude primary bond strength,  secondary bonding 

forces (van der Waal ) ,  hydrogen bondi ng and resonance stabil izat ion .  The 

physical factors which affect thermal stabil ity include molecular weight and 

molecular weight d istribut ion ,  packing (crystal l i n i ty ) ,  molecular (dipolar) 

i nteract ions and purity. 

Some general izat ions can be made concern i ng the rmal stabil ity of 

o rganic polymers. Primary bond strength i s  the si ngle most important 

i nfluence contributi ng to heat resistance. Therefore, only g roups contai n ing 

the strongest chemical bonds should be used. The bond d issociat ion energy 

(3) of a carbon-carbon single bond is  83.6 kcal/mole and that of a carbon

carbon double bond is 1 45 .8  kcal/mole .  I n  aromatic systems, the latter i s  

even h igher. Known as resonance stabil izat ion ,  th is phenomenon adds 39.2 

- 68.6 kcal/mole .  Therefore, aromatic and heterocycl ic rings are commonly 

used in  thermally stable polymers. Polar i nteractions such as d ipole/d ipole o r  

hydrogen bonding contribute t o  heat resistance. Van d e r  Waal forces also 
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play a ro le i n  determ in ing the cohesive energy density (cr2) of a polymer. The 

cr2 is defined as the amount of energy needed to vaporize (overcome 

cohesive forces between molecules) a given volume of the materia l .  Each of 

these i nteractions i nf luence the rig idity, Tg and solubi lity of the polymer. I n  an 

effort to i ncrease heat resistance, moieties with low thermooxidative stabil ity 

such as a licyclic, u nsatu rated or al iphatic hydrocarbons should be avoided. 

The structures should be photochemically and hydrolytically inert and should 

not al low easy pathways for rearrangement or  degradation .  

Other factors to consider include molecu lar weight and molecu lar 

weight d istribution .  Lower molecular weight fract ions tend to decrease the 

thermal stabi l ity, Tg , and mechan ical  strength of a polymer. Trace impurit ies 

such as metal catalysts, can g reatly reduce a polymer's thermal stabi l ity by 

catalyzi ng degradation react ions, especial ly at e levated temperatures i n  the 

presence of oxygen .  Crossl inking ,  leading to the rmosetti ng polymers, also 

i mproves heat resistance si nce chains cannot be broken by the rupture of a 

s ing le bond a lone.  It also increases solvent resistance, modulus and 

resistance to creep. 

Another i mportant factor i nf luenci ng thermal stabi l ity is  crystal l i n ity. 

Crystal l in ity resu lts from the regu lar packi ng of po lymer chains, which 

normal ly i ncreases density, and crystal l i ne reg ions serve as physical 

crossl i nks for the amorphous regions .  These crystal l i ne  reg ions not on ly 

i ncrease thermal stabi lity but also provide stiffness, toughness and solvent 

resistance to the po lymer (4) .  The amount of crystal l in ity present in a polymer 

is cal led the degree of crystal l in ity and i s  given as a percentage. H igh 

performance crystal l ine polymers have degrees of crystal l i n ity typical ly from -
1 0% - 50% and are therefore semi-crystal l ine.  H igher degrees of crystal l i n ity 

can be obtained by orienti ng po lymer chains as i n  f iber spi nn ing .  

5 



Two common methods are avai lable to  assess the thermal stabi l ity of 

a po lymer. They are thermogravimet ric analysis (TGA) and isothe rmo

gravimetric analysis ( ITGA). In TGA, the  weight loss of a po lymer is measured 

as it is  heated at a specific rate in a specific atmosphere.  The heat ing rate 

and sample form (fi lm  versus powder) are important and can have a large 

effect on  the resu lts.  TGA gives the temperature at  which a certa in weight loss 

(%) occurs. ITGA measures the weight loss of a polymer held at a constant 

temperature i n  a specific atmosphere as a funct ion of t ime.  Agai n ,  sample 

form is  i mportant and can effect results. Care must be taken when evaluat ing 

data f rom t hese measurements since no i nformat ion concerning mechan ical 

propert ies is obtained. Polymers can display a sign ificant degradat ion in 

mechanical propert!es without exhibi t ing a s ignificant weight loss. In some 

rare cases, a polymer can gain weight, most l ikely by oxidizi ng ,  in an ai r 

environment .  The atmosphere is important si nce almost a l l  o rganic polymers 

d isplay lower thermal stabi l ity i n  air  (oxygen) t han i n  an i nert atmosphere l ike 

n it rogen or  argon .  

Thermoplast ic is a term commonly used to  describe a substance that 

passes t h rough a defin ite  sequence of property changes as its temperatu re i s  

raised. As shown in  Figure 1 ,  amorphous and crystal l ine materials have 

different thermoplast ic characterist ics. Both amorphous and crysta l l ine 

thermoplast ics are g lasses at  low temperatures and bot h change to  a rubbery 

e lastomer o r  f lexible plastic as the temperature is raised t h rough t he  Tg . The 

Tg is a measure of the ease of torsion of t he backbone bonds and the  

beg inn ing o f  molecu lar mot ion (5) .  Crystal l ine polymers also have a mel t ing 

point ,  Tm , where the f lexible thermoplast ic becomes a l iquid.  There are 

several techniques avai lable for determin ing the Tg of a polymer such as 

d i latometry, d i fferent ial  scann ing calorimet ry (DSC), tors ional braid analysis 
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Figure 1 .  Comparison of the  thermal behavior of 
amorphous and crystalline polymers (Ref. 5). 
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(TBA), thermomechanical analysi s (TMA) and dynamic mechanical  analysis 

(DMA). 

D i latometry measures the rate of volume expansion of a po lymer with 

temperature ,  which is dependent on whether the polymer occupies the 

g lassy, rubbery, thermoplastic o r  l iquid state . The change i n  s lope of a 

volume versus temperature plot can be used to identify the g lass transition .  

DSC operates by separately heating a standard and a sample at  the same 

rate. The temperature of each is  monitored by a thermocouple. When a 

polymer goes through a transition  (Tg or Tm), more heat is requi red to 

maintain the same temperature as the standard. The change in e lectrical 

current, wh ich provides the heat, can be accurately mon itored and measured, 

thus provid ing an accurate measure of the posit ion and extent of transition. 

TBA uti l izes an inert g lass braid which has been impregnated with a polymer 

solution and dried to remove the solvent. The polymer impregnated braid is 

suspended in a torsional pendu lum device and the period of the pendu lum 

and  its dampi ng frequency are measured as  a function o f  temperatu re .  As  the 

polymer is  heated through its Tg, a drastic loss in rig idity i s  detected, 

accompanied by a sharp maximum in  the damping trace. This techn ique 

provides a very sensitive measure of the Tg as wel l  as often detect ing low 

temperature secondary transitions. TMA measures Tgs by either e longation 

of a fi lm sample or  penetration of a mo lded sample. I n  the f i lm mode, a load is 

applied to the f i lm and the temperature i s  i ncreased whi le measuri ng 

e longat ion .  I n  the penetrat ion mode, a weighted probe (normal ly with a round 

t ip but sometimes with a flat t ip) is placed on  the molding and the temperature 

is i ncreased whi le measuring penetrat ion.  At the Tg, the elongat ion or  

penetrat ion i ncreases dramatical ly and resu lts i n  a change of  slope for the 

e longat ion/penetrat ion versus temperature curve. DMA tests mate rials for 
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e lasticity, the abi l ity to store energy, and viscous damping ,  the abi l ity to 

dissipate energy as heat. A tru ly e lastic material wi l l  recove r al l  of the stored 

e lastic energy, namely the area u nder the stress-strai n curve,  once a load is 

removed as at the left of Figure 2 .  However, most materials are not truly 

e lastic (ane lastic) and wil l exhibit a hysteresis loop once a load is removed as 

at the right of Figu re 2. The area of the hysteresis loop ,  which is a measu re of 

the energy di ssipated as heat, varies with temperature. Over  a broad 

temperatu re reg ion  in a polymer with mu lt ip le t ransitions, several maxima i n  

area o f  t h e  hysteresis loops, one fo r each re laxation process, wi l l  be evident. 

This techn ique,  therefore, p rovides a measurement of the Tg as wel l  as other 

relaxat ions p resent i n  a po lymer  (6) . 

A knowledge of the mo lecu lar weight and molecu lar weight 

distribution is v ital fo r even a pre l im i nary u nderstanding of the re lat ionship 

between structu re and p roperties for po lymers. Two fundamental ly d ifferent 

approaches are used for measurement of the po lymer molecular weight -

absolute and secondary. Absolute methods g ive values that are a d i rect 

esti mate of molecular weight whi le secondary methods yie ld comparisons 

between mo lecu lar weights of d ifferent po lymers and must be cal ibrated by 

an abso lute method. Si nce polymer molecu lar weights are averages, there 

are several molecu lar weights which can be dete rmined. The two most 

important are number average mo lecu lar weight (Mn)  and weight average 

mo lecu lar weight (Mw) .  Some techniques measure Mn (osmometry) whi le 

others measure Mw ( l ight scatteri ng) .  The ratio Mw/M n is  a measure of the 

po lydispersity or  molecu lar weight d istribution  of the system .  Mw is  always 

g reater than Mn,  except for a monodisperse system, so normal ly Mw/M n > 1 .  

The g reater the po lydispersity, the broader the molecu lar weight d istribution. 
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Polymers must have sufficient molecular weights to exhibit usefu l 

mechanical properties. If the molecu lar weight is too low, there is not enough 

interchain associat ion o r  entanglements to provide mechanical strength and 

the materia l  is britt le .  As shown in  Figure 3, the molecu lar weight must reach 

a certain leve l before optimum mechanical propert ies are obtai ned. Above 

th is  m in imum molecular weight on ly a s l ight i ncrease in mechanical  

propert ies is  obtained with i ncreasing molecular weight .  Furthermore ,  as 

molecular weight i ncreases, solut ion  viscosity and melt viscosity, or  

resistance to mel t  f low, also i ncreases. Therefore, h igher molecular weight 

polymers are much more difficu lt to process i nto usefu l parts than lower 

molecu lar weight po lymers .  Because of th is t rade-off, there is a reg ion of 

opt imum combinat ion of mechanical strength and processabi lity at the "knee" 

i n  the curve. At th is mo lecu lar weight the po lymer has the h ig hest mechan ical 

strength and best processabi l ity. 

A variety of screen ing tests are used to evaluate the performance of a 

material for a certain appl ication .  The polymer forms tested i nclude fi lm ,  

mold ing,  adhesive and composite. They can be tested for u l t imate strength ,  

y ie ld strength ,  modu lus, e longation ,  toughness, resistance to crack 

propagation and f lexure ,  shear and compression strengths. Many of these 

tests are performed through a temperature range from cryogenic to over 

300°C in  a variety of atmospheres ( i .e .  air , inert gas, vacuum)  depending on 

the proposed applicat ion .  These tests and measurements are screen ing 

devices which g ive pre l i minary i nformation to help determine a new materials 

usefu lness. Based on these pre l im i nary results being acceptable , larger 

components and more i nvo lved testing wou ld be requi red before the material 

is actual ly used . Many other factors,  including cost, ease of processi ng,  need 

and competit ion u lt imately determine a material 's marketabi l i ty. 
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The type of synthesis used to prepare a polymer is one method used 

to classify po lymers. The three main po lymerizat ion react ions are 

condensation ,  addition  and ri ng-open ing polymerizat ions .  In condensat ion 

reactions,  monomers react to release a smal l  molecu le such as water o r  

alcohol .  Addit ion polymers are formed by  t he  po lyaddit ion react ions o f  o lefi ns 

or  carbonyl compounds. R ing-open i ng polymerizat ions take place by 

cleavage of a ri ng with concurrent or subsequent addit ion of the l i near 

monomer to the end of a g rowing chain .  These polymerization  categories 

reflect d ifferent monomer structures and po lymerizat ion processes. A related 

but dist inct classificat ion is based on the general mechanistic pathways 

invo lved i n  the polymerization .  This classificat ion d ivides polymerizations i nto 

step react ions and chain reactions. Step react ions are those in which the 

cha in  growth occurs i n  a slow, stepwise manner i n  which monomers react to 

fo rm d imers, which then react with another monomer or d imer to form a t rimer  

or  tetramer, respective ly, etc. Therefore , the average molecular weight of  the 

polymer i ncreases s lowly over a period of  t ime.  Condensation react ions fal l 

i nto this category.  Chain polymerizations,  on the other hand, take place by 

rapid addit ion of monomers to a g rowing chain end. Therefore, the system 

usual ly contai ns on ly unreacted monomer and h igh molecu lar weig ht 

polymer. Si nce almost all h igh performance polymers are prepared by 

condensation reactions, on ly stepwise reactions wi l l  be discussed further. 

Condensat ion polymerizat ion react ions are used to prepare a wide 

variety of useful po lymers such as po lyesters,  po lycarbonates, 

po lyanhydrides, polyamides, po lybenzimidazoles, polyqu i noxal i nes,  

po lyim ides and poly(arylene ethers) . Si nce polymer molecular weight 

increases s lowly and h igh molecular weight is obtai ned on ly after the reaction 

nears completion ,  stepwise polymerizat ions have several requirements for 
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h igh molecular weight. F irst, on ly reactions which are near quantitative (> 

99% yie ld)  are effective i n  preparing h igh mo lecu lar polymers. For the 

degree of react ion to be near quantitative, there must be no inte rfering side 

reactions taking place. Typically, demonstrat ion of this for novel systems 

requ i res model compound studies. Prio r  to attempti ng polymer synthesis on a 

new react ion ,  a series of model compounds are prepared from 

monofunct ional reactants of the type to be used i n  polymerizat ion.  Model 

compound studies have several purposes, t he most i mportant of which i s  to 

optimize react ion conditions (time, temperature ,  solvent, etc. ) for the h ighest 

degree of react ion.  If > 99% yie ld cannot be obtai ned, h igh molecular weight 

polymer wi l l  not be prepared. Another requ i rement to obtai n h igh molecular 

weight is the use of very pure monomers. Techniques such as differential 

thermal analysis (DTA), ch romatog raphy ( l iquid and th in  laye r) , visual melt ing 

points, and e lemental analyses are common ly used to test the pu rity of 

monomers. When using difunctional monomers,  which is typical in h igh 

performance polymer synthesis, the two monomers must be added together in  

as close to a 1 : 1  rat io (stoichiometric rat io) as is experimental ly feasible .  I f  

one o r  the other monomer exists i n  excess, the functional g roup i n  that 

monomer wi l l  remain un reacted and wi l l  terminate polymer chains before the 

h ig hest molecu lar weight polymer can be ach ieved. I n  fact, offsett i ng 

monomer stoichiometry is a common techn ique used to control  the molecular 

weight of polymers when lower mo lecu lar weight is desired. W. H .  Carothers 

(6) was the fi rst to describe mathemat ically the effect of i ncomplete react ion 

on  molecular weight .  The fol lowi ng equat ion is  a modificat ion of Carothers' 

Dp = 1 + r 
1 + r- 2rP 
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early work and takes into account both extent of react ion ,  P, and offset i n  

monomer stoichiometry ,  r, when calcu lat ing molecu lar weight. I n  th is 

equat ion ,  DP is the average degree of polymerization and is  defi ned as the 

average number of structural un its per molecu le. Note that, for condensation 

po lymers prepared from two reactants, the average number of repeati ng un its 

per molecule is one-half of the average degree of polymerizat ion .  Fi nal ly,  

experimental factors such as weigh ing and transfe rring of weighed monomers 

to the react ion vessels are important, because if the stoichiometry i s  upset by 

inaccurate weigh i ng or spi l lage ,  h igh molecular weight po lymer wi l l  not be 

obtai ned. 

I n  an effort to tai lor-make po lymers with specific p ropert i es, 

copo lymers have been deve loped which contai n structural un its from two 

different homopolymers. By vary ing the amount of one monomer as 

compared to the other, the properties will normally be more simi lar to the 

homopo lymer of the major component i n  the copolymer t han to those of the 

minor component i n  the copolymer. It should be noted that the sequence of 

monomer un its along a copolymer chain can vary accordi ng to the method 

and mechanism of synthesis. Three different types of sequencing 

arrangements are common ly found. To describe the differences in  these 

three types of copolymers, copolymer structure wi l l  be depicted using 

monomers A and B. I n  the fi rst type, random copolymers, no defi n ite 

sequence of monomer un its exists as shown below. 

-A-A-B-A-B-B-B-B-A-B-A-A-A-B-

The p roperties of random copolymers are usually quite different from those of 

the related homopolymers. The second type, regu lar copolymers ,  contai n a 

regu lar alternat ing sequence of two monomer un its as shown below. 

-A-B-A-B-A-B-A-B-A-B-
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Again ,  the properties of the copolymer usual ly differ markedly from those of 

the two re lated homopolymers. The th i rd type, block copo lymers,  contai n a 

block of one monomer connected to a block of another as shown be low. 

-A-A-A-A-A-B-8-B-B- B-

Depending upon the mechanism of polymerization ,  it i s  possible to control the 

molecular weight of each block as wel l  as the molecu lar weight of the enti re 

copo lymer. If th is i s  done carefu l ly, various molecu lar weight blocks can be 

p repared and studied, wh ich is analogous to different rat ios of monomers i n  

the random copolymer example. U n l i ke the other  copo lymers, block 

copolymers retai n many of the physical characteristics of the two 

homopolymers. A segmented copolymer is a type of block copo lymer 

where in  the copo lymer and one block is prepared in  the presence of the 

second block. This method of polymerization can produce a copolymer  with a 

broader molecular weight distribution for the block prepared i n  situ ,  which 

may result in d ifferent physical properties for the copo lymer. 

Copolymers and blends of known homopolymers are receiving a 

t remendous amount of attention i n  cu rrent research. The reason for th is is a 

conti nual ly i ncreasi ng amount of soph ist icated appl ications being deve loped 

which demand combi nations of propert ies not attai nable with s imple 

homopolymers. The combinat ion of homopolymers,  either by blending or  

copo lymerizing ,  can lead to a variety of results. Almost always, h igh  

molecu lar weight po lymer blends are g rossly i ncompati ble. The 

i ncompatib i l ity of the blend components provides a driving force for each to 

agg regate in separate phases. This behavior has impo rtant ramificat ions for 

the physical properties of the result ing blends. In rare cases, compatible 

blends are formed when the homopolymers are completely soluble i n  each 

other. These compatible blends are characterized by s ing le phase 
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morphology, are t ransparent and exhibit physical propert ies i ntermediate to 

those of the components. When this happens, the blend is  said to fol low a 

"ru le  of m ixtures." The two cases discussed above are extremes and a whole 

range of compatibi l ity exists for d ifferent blend systems. 

The preparat ion of block copolymers can produce systems which can 

fall anywhere on the range from compatible to completely i ncompatib le .  

Typical ly, b lock copolymers exhibit two-phase morphology, but th is occurs on 

a micro-scale rather than the macro-scale d imension of i ncompatib le physical 

blends. Micro-scale morpho logy is due to the i nf luence of the i ntersegment 

l inkages, which restricts the extent to which the phases can separate.  The 

small domain size and exce l lent i nterphase adhesion result ing from th is  

microphase morphology can produce a h igh degree of t ransparency and a 

good balance of mechanical properties. The thermal properties of b lock 

copo lymers display mult iple thermal t ransitions,  such as Tgs or Tms, 

characteristic of each of the components. While crystal l in ity is possible in 

b lock copolymers,  it is d im in ished or  e l im i nated in  random systems due to 

disruption of chain regularity. I n  order to ach ieve the u lt i mate propert ies in 

block copolymers, it is important to recognize that a high degree of structural 

control and integ rity is  necessary (8). 

A more t horough discussion of the subjects addressed in th is  

introduction  may be found i n  references 1-6 ,  8 and 9 .  
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RESEARCH AIM 

Many aromatic polyimides have been reported i n  the l iterature ( 1 6-

37). The o rig inal impetus for  thei r synthesis was to obtain h igher thermal 

stabi l ity than for previously reported materials. After reach ing the goal of h igh 

thermal stabi l ity, material requ i rements shifted to preparing more processable 

polymers which could be manufactured i nto desired parts. There have been 

tremendous improvements made in the processabil ity of l inear aromatic 

polyimides by various structural modi ficat ions. However, considering the ir  

exce l lent mechanical properties, i mprovements in processabi lity are sti l l  

needed before l i near polyimides reach the i r  fu l l  potential .  

Concurrently, a g reat deal of research has been reported (52-79) 

concerning poly(arylene ethers) .  These polymers have very good thermal 

stabi l ity and mechanical properties as wel l  as excel lent processabil ity. Many 

of these po lymers exh ibit low melt viscosity and are easily processed as 

thermoplastics. This means that when heated and placed under pressure, 

poly(ary lene ethers) exhibit exce l lent melt flow to form desi red parts. 

Therefore, it was postu lated that if po lyimides and poly(ary lene 

ethers) could be combi ned properly, the new materials may have the 

exce l lent thermal stabi l i ty and mechanical propert ies of the polyimides as wel l  

as  the exce l lent processabi l ity o f  t he  poly(arylene ethers) .  As  a rule, 

polyimides and po ly(arylene ethers) are i ncompat ib le ,  so physical blends 

would produce materials with completely phase separated morphologies. 

These two-phase morphological systems are coarse dispersions i n  which the 

particles are usual ly large,  inhomogeneous and characterized by poor 

i nterphase adhesion .  The poor i nterphase adhesion usual ly resu lts i n  very 

poor mechanical properties, presumably related to a h igh  degree of stress 
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concentration i n  the vicin ity of the i nterphase (8) .  Therefore, it was postu lated 

that the best app roach to combin ing these two polymer systems was the 

synthesis of block copolymers. Because of the p resence of i ntersegment 

chemical. l i nkages which restricts the extent of p hase separat ion ,  these 

materials shou ld exh ibit two-phase morp hology on ly on  a micro-scale rather 

than the macro-scale dimension of i ncompatible p hysical blends. 

The p reparat ion of block copolymers using two different po lyimide 

backbones and two differe nt poly(arylene ether) backbones was proposed as 

shown in Figure 4.  B lock copolymer combinations to be prepared include 

ODA/BTDA with FBB/BPA and BABB/BTDA with both FBB/BPA and FBB/BPF. 

The mo lecu lar weight of the blocks to be studied were 31 1 0 and 6545 g/mole 

for both the po ly imide and po ly(ary lene ether) blocks, for all copolymer 

combinations studied. These block molecular weights were chose n because 

they shou ld be h igh  enough to be d ifferent from random copolymer but low 

enough not to cause g ross p hase separat ion .  A more detai led d iscussion  

concern i ng mo lecular weight select ion is i ncluded i n  t he  Resu lts and 

D iscussion .  Several  segmented copolymers also were to be prepared i n  

order to  study possible differences in  propert ies for th is variat ion i n  copolymer 

structure.  For the p reparat ion of adhesives and composites, one block 

copolymer composition  will be p repared with a control led molecu lar weight by 

end-capp i ng with an i l ine to p rovide a material with good processabi l ity. 

Prior to copo lymer synthesis, poly(arylene ether) blocks wi l l  be 

p repared and terminated with 4-am inophenol  to p roduce amine-termi nated 

po ly(ary lene ether) b locks of 31 1 0  and 6545 g/mole .  These amine

terminated po ly (arylene ether) blocks would then be reacted with anhydride

terminated poly(amic acid)  blocks of the desired molecular weig hts, p repared 

by offsett ing monomer stoich iometry in favor of the dianhydride. Solut ion 
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i midization or thermal im idizat ion of the poly(amic acid) copo lymers wi l l  be 

uti l ized to prepare the im ide/arylene ether block copolymers .  The resu lt ing 

block copo lymers wi l l  be fu l ly characterized and the best candidate wi l l  be 

evaluated as an adhesive and composite matrix .  
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BACKG ROUND 

Poly imides are condensat ion po lymers commonly synthesized by the 

react ion of d ianhydrides with diamines. Although po lyimides contai n ing 

al iphatic g roups are known (1 0-1 6) ,  most of the research reported i n  the 

l i terature has invo lved aromatic dianhydrides and aromatic d iami nes. I n  th is 

react ion ,  an i ntermediate poly(amic acid) is formed, which i s  either thermal ly 

o r  chemically cyclodehydrated ( imidized) to form the polyimide as shown in  

Figure 5 .  Ar and Ar' are symbolic of aromatic moieties. The preparat ion o f  

aromatic polyim ides by react ion o f  an aromatic dianhydride with an aromatic 

d iamine,  fol lowed by thermal cyclizat ion was fi rst reported by Bower and Frost 

in 1 963 ( 1 7) .  Early U .S. patents were awarded to Edwards (1 8) and Endrey 

( 1 9)  in 1 965 fo r aromatic poly imides. 

A typical synthesis for poly imides is conducted by adding the 

dianhydride i n  the form of a fi ne powder, slu rry or  solut ion to a sti rred solut ion 

or  s lu rry of the diami ne in  a h igh ly polar solvent at ambient temperatu re under 

a nitrogen atmosp here. Some h igh ly polar solvents typically used i nclude 

N , N-dimethy lacetamide (DMAc) and N-methylpyrro l id inone ( N MP) .  The 

n itrogen atmosphere is necessary to e l im i nate water from the atmosphere 

(humidity) from entering the react ion .  Typical concentrat ions measured as 

sol ids content (weight to volume) of 1 5  to 25% are uti l ized. Bel l  and 

coworkers reported (20) the effect of react ion concentrat ion on po lymer 

viscosity i n  the range from 5% to 25%. They found that react ions at h igher 

concentrations produce polymers with h igher viscosities faster than react ions 

at lower concentrations and, also , these polymers mai ntai ned h igher 

viscosities after sti rri ng for long periods (> 200 h )  than those made at lower 

concentrat ions. High molecular weight poly(amic acids) are read i ly formed by 
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Figure 5 .  Typical polyimide synthesis. 
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the nucleop h i l ic attack of an amino group on  an anhydride carbonyl g roup , 

open ing the anhydride ri ng to form the amic acid .  Nucleoph i l ic  attack by the 

amide on  the second carbonyl  group occurs when the po ly(amic acid) is 

heated, forming the im ide ri ng with the loss of one mole of water. The 

mechanism is shown in Figure 6 .  Since the reaction occurs by nucleophi l ic  

substitut ion ,  the structures of the dianhydride and diamine can have a large 

effect on react ivity. For the structures shown below, dian hydride (1) and 

d iamine (2) with con nect ing g roup X,  the e lectronic effects of the 

0 0 I I  I I  ....... c)QJ xlQ( c '  0 0 0 0 ' C e -l l  I I  0 0 
1 

2 

connecting groups are important. For the dianhydride , e lectron attract ing 

g roups such as carbonyl o r  su lfonyl i ncrease reactivity by maki ng the 

carbonyl g roup more susceptible to nucleoph i l ic attack. Converse ly, e lectron 

donat ing groups such as oxygen decrease the reactivity of the dianhydride .  

For the d iamines,  e lect ron donating connect ing g roups increase the reactivity 

by making the amine group more nucleoph i lic .  These e lectron ic effects are 

most p ronounced when the connecting g roup is  para or Q.!1J}Q- to the amino 

group and much less i mportant i n  mma-substituted d iamines (20). 

Certain d iamines such as 4 ,4'-d iami nodipheny lsu lfone  or 4 ,4'

d iami nobenzophenone are poor nucleoph i les. Therefore, the format ion of 

h igh mo lecular weight po ly(amic acid) throug h react ion with a d ianhydride, 

especia l ly a less reactive dianhydride, is often difficult .  However, h igh 

molecu lar weight po ly(amic acids) have been prepared fro m  the react ion of 

aromatic d ianhydrides with 4,4'-diaminodiphenylsu lfone  (2 1 )  and 4 ,4'-
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diaminobenzophenone (20) .  The use of different solvents, i n  particular those 

contain ing ether l inkages, has al lowed the preparation of h igh molecu lar 

weight poly(amic acids) from monomers which produced on ly low molecular 

weight po lymer i n  normal polar aprot ic solvents . Two so lvents which have 

received considerable attention are tetrahydrofuran (21 ,22) and bis(2-

methoxyethyl)ether (diglyme) (21 ,22,23) . However, on ly certai n poly(amic 

acids) can be prepared in high molecu lar weight in ether solvents whereas 

most poly(amic acids) can be prepared in h igh molecu lar weight in the more 

un iversal, h igh ly polar aprotic so lvents such as DMAc and NMP. The 

reactivity of the monomers as well as the solubi lity of the poly(amic acid) is 

d iffe rent i n  ether so lvents than in polar aprotic solvents. 

The molecular weight and molecu lar weight dist ribution of the 

poly(amic acid) is  i nf luenced by several factors such as solubi l i ty of the 

monomers, react ion t ime, temperature,  so lvent, concentrat ion,  sti rri ng rate 

and mode of monomer addit ion .  Reverse addition ,  that is addition of a 

d iamine to a dianhydride solut ion is not recommended fo r the preparat ion of 

h igh mo lecu lar weight poly(amic acids) .  Excess, u nreacted anhydride g roups 

are thought to attack the poly(amic acid) causing chai n cleavage ( 1 7) .  Thus 

on ly dianhydrides that are vi rtual ly i nso luble in the polymerization  solvent wi l l  

form h igh molecular weight polymer by the reverse addit ion .  With 

dianhydrides of th is  type or when the sti rring act ion is not thorough ,  there can 

be interfaces or zones where the po lymerization is proceedi ng i ndependent 

of the total system .  In  areas of h igher monomer concentrat ion,  molecules of 

s ignificantly different molecu lar weight, with a preponderance on  the h igh 

molecular weight end rather than the equi l ibri um molecu lar weight wi l l  be 

formed. If the react ion is st irred for  longer periods of t ime, these h igh 

molecu lar weight poly(amic acid) species wi l l  undergo molecular weight 
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equi l ibrat ion (24-26) and chain cleavage ( 1 7,27) .  This instabi l ity is i mportant 

s ince the p ropert ies of the result ing polyimide are d i rectly effected . Since 

chain c leavage is faster at h igher temperatures, poly(amic acid) so lut ions 

should be stored cold (0°C) under n it rogen. Ether solvents tend to yield lower 

molecular weight poly(amic acids) with a broader molecu lar weig ht 

d istribution  than typ ical polar solvents, and in some cases ether solvents 

produce poly(amic acids) with a bimodal molecular weight distribut ion .  

The conversion of poly(amic acid) to po lyimide can be accomp lished 

by either thermal o r  chemical i nducement. Thermal cyclodehydrat ion occurs 

by heati ng the poly(amic acid) above 250°C. A standard cure for po lyimides 

f i lms is 1 hour each at 1 00, 200 and 300°C to provide essential ly comp lete 

im idization .  This conversion of po ly(amic acid) to po ly imide occurs general ly 

with a part ia l ly reversible change in  mo lecu lar weight (27-30) .  As the 

po ly(amic acid) is heated and converted to polyimide, i t  undergoes a 

decrease in  molecular weight .  The m in imum in  molecu lar weight normal ly 

occurs between 1 50 and 200°C, but th is may vary with diffe rent po lymer 

structures. Continued heating above th is  po int leads to an increase in 

molecu lar weight .  Table 1 shows the cure temperature ,  i nherent viscosity, 

number and weight average molecu lar weight for a part icular po ly(amic acid) 

during a cure (30). In th is examp le, even the fu l ly im idized polymer is so luble 

enough to characterize in solut ion using ge l-permeat ion chromatog raphy/low 

angle laser l ight scatteri ng techniques. 

High molecu lar weight poly(amic acids) free of solvent cannot be 

isolated from solution in  h igh ly polar solvents. Po lar, aprotic solvents bind 

tenaciously to poly(amic acids) and the temperatu re requi red to remove 

these so lvents causes im idizat ion .  Poly(amic acids) with very low solvent 

content can be iso lated from solutions in ether so lvents, particu larly 
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Table 1 

C haracterizat ion of Thermal ly Staged 6F-BDAF Fi lm 

0 C F3 0 CF 1 1�1 1._ 3 
( )QJj_lQl JJ-@-0�0 

I I  C F3 I I  CF 0 0 3 
Mw M n 

GPC-LALLS G PC-LALLS 
Sam le {g/mo le} 

40° 0 . 8 1 0 1 52,000 1 02 , 000 

75° 0 .945 1 08 ,000 69 ,000 

1 00°  0 .7 1 0 77,000 53 ,000 

1 25° 0 .525 49,000 32 ,000 

1 50°  0 .522 50 ,000 3 1 , 000 

1 75° 0 .504 64 ,000 34 ,000 

200° 0 . 472 54 ,000 36,000 

225° 0 . 5 1 6 63,000 4 1 ,000 

250° 0 .692 68,000 45 ,000 

275° 0 . 670 80,000 53,000 

300° 0 . 670 83,000 54 ,000 

325° 0 .756 1 1 5 ,000 60 , 000 

Ref. 30 
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tetrohydrofuran . Polar so lvents apparently enhance the cyclodehydrat ion 

process and serve as a plasticizer, provid ing f low duri ng processi ng i nto a 

part. If larger, thicker parts are being fabricated, removal of the last t races of 

solvent can cause the format ion of voids, which decreases mechanical 

propert ies and thermooxidative stabi l ity. 

Chemical structu re/property re lat ionship studies on poly im ides have 

been extensively conducted. Si nce the studies were conducted in d ifferent 

laboratories, the method used to determine certai n properties may vary .  As a 

result ,  d iscretion shou ld be exercised i n  compari ng the properties of a 

polyimide i n  one study with one from another study because the method of 

measurement ,  thermal h istory of the polymer, molecu lar weight of the 

polymer, etc. may vary. 

One of the fi rst chemical structu re/po lymer property re lat ionsh ip 

studies to be reported for polyimides was by Gibbs and Breder in 1 974 (31 ) . 
These authors prepared a variety of po lyim ides from a common dianhydride 

and a series of d iamines. The d iamines were chosen because of the range 

from f lexible to rigid which they d isplay. Table 2 shows the data for polymer 

structure ,  i n herent viscosity and Tg for a series of polyimides prepared from 

2,2-bi s(3',4'-dicarboxyphenyl ) hexaf luoropropane dianhydride . As evident i n  

Table 2 ,  polyim ides contai n ing t he  more rigid moieties [p-phenylene, 1 , 5-

naphthalene and 4,4'-biphenylene] have the h ighest Tgs wh i le those 

contai n ing the more flexible moieties [4,4'-d iphenyl  ether  and 1 ,3-bis(4-

phenoxy)benzene] have the lower Tgs. A wide range of Tgs, from 229°C to 

365°C, is represented by just vary ing the diamine used. 

Another structu re/property relationsh ip study was reported by 

St. C lai r and coworkers in 1 984 (32) which ut i l ized three diami nes with a 

variety of dian hydrides. I n  th is case , polyimides were prepared us ing 1 ,3-
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G lass Transition  Temperatu res of Polyim ides 
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bis(3'-am inophenoxy)benzene, 3 ,3'-diam inodiphenylsu lfone and 2 ,2-bis[4-(4-

aminophenoxy)phenyl]-hexafluoropropane and resu lts are shown in Tables 

3, 4 and 5 respectively. In each case, goi ng from more flexible to more rigid 

dianhydrides ( i .e .  proceed ing down each of the tab les) produced polyimides 

with h igher  Tgs .  Also, the more f lexible diamine, 1 ,3-bis(3'-aminophenoxy)

benzene ,  produced po lyimides where the whole range of Tgs is lower ( 1 67-

221 °C} than the Tgs of the polyim ides from the more rigid d iamine ,  3,3'

d iaminodiphenylsu lfone,  (21 3-338°C) . 

An i mportant structure/property re lat ionship study was reported by 

Bel l  and coworkers i n  1 976 (20). This study i nvestigated the effect of different 

d iamine isomers on polymer Tg . Table 6 summarizes data for poly imides 

prepared from 4,4'- ,3,4'- and 3,3'- isomers of d iaminobenzophenone (DABP) 

and 3,3' ,4 ,4'-benzophenonetetracarboxy l ic acid dianhydride (BTDA) o r  

pyromel l it ic d ianhydride (PMDA). These data show a s ign ificant decrease i n  

polyi mide Tg when a IIJ..ma.- l i nkage replaces a Qilla- l i nkage i n  the d iamine.  

When two IIJ..ma.- l i nkages replace two Qilla- l i nkages, the reduct ion i n  

poly imide Tg i s  even more dramatic. The magnitude of the reduct ion i n  Tg is 

larger fo r the less flexible pyromel l it ic dianhydride series of poly imides than 

for the ser ies of poly im ides based on 3,3' ,4 ,4'-benzophenonetetracarboxyl ic 

acid d ianhydride.  

As a class of materials, l i near aromatic po lyim ides are general ly 

considered to be amorphous .  However, there are numerous examples of 

poly im ides which display crystal l in ity (33-37). Kapton® (38) ,  a commercial ly 

avai lable polyi mide fi lm ,  has been shown to exhibit molecular agg regat ion or 

molecular superstructure (39,40) .  Kapton® and other reported semi

crysta l l ine polyimides exh ib i t  exceptional thermal stabi l ity and resistance to 

solvents whi le u nder stress, but cannot be thermally formed i nto useful 
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Table  3 

G lass Transition  Temperatu res of Polyimides 
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Table 4 
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Table 5 

G lass Transit ion Temperatures of Poly imides 
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Table 6 

G lass Transit ion Temperatu res of Polyimides 
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BTDA 

Ref. 20 

0 0 

........')§(' ......... 0 0 0 
......... ........ I I  I I  

0 0 
PMDA 

0 .73 

0 .64 

0 .55  

0 .98  

0 .84 

0 .83 

DA B P  

Tg. oc 

295 

283 

264 

380 

339 

32 1 
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molded objects o r  composites. The i ntroduct ion of crystal l i n ity i nto a polymer 

has long been recognized as an effective means of improv ing solvent 

resistance and i ncreasing modulus. I f  the proper type and degree of 

crysta l l in ity i s  attained, the polymer may also display extremely h igh 

toughness. Hergenrother and coworkers have reported (41 ) a series of 

po lyim ides which are semi-crystal l i ne .  Crystal l in ity was i ntroduced i nto the 

poly im ide by i ncorporat ing arylene ether ketone connect ing g roups i nto the 

d iamine port ion of the polyimide. Table 7 shows data for the d ifferent arylene 

ether  ketone contai n i ng poly imides. Po lymer Tgs range from 2 1 5 to 246°C 

whi le the me lt i ng poi nts (Tms) range f rom 350 to 427°C. For crystal l i ne 

polymers, temperatu res requi red to fabricate parts are above the Tm whi le 

use temperatu res are usual ly be low Tg . Therefore, an ideal crystal l ine 

polymer wou ld have a h igh Tg and a low Tm (h igh use temperature with a 

lower processi ng temperatu re) .  The polymer shown at the top of Table 7 has 

the lowest Tm and has received the most deve lopment. That material is 

cal led LARC-CPI ( for lang ley Research .Qenter-.Qrystal l ine .Eolyimide) and 

has been characterized as a candidate for fi lms, moldi ngs, adhesives and 

composites Some of the exce llent properties dete rmined for LARC-CPI are 

presented i n  Table 8 (42) .  Although th is polymer has exce l lent chemical, 

physical and mechan ical properties, it has re latively high melt v iscosity and is 

somewhat di fficu lt to process i nto usefu l parts. 

Several poly imides such as Kapton® (38) ,  Pl-2080 (43), 52 1 8  (44) ,  

U ltem® (45) and LARC-TP I (46) are commercial ly avai lable and are used as 

f i lms,  moldi ngs, adhesives and composite matrices. Many papers have been 

publ ished concerning po lyi mides and numerous reviews on po lyimides are 

avai lable (3, 33, 47-51 ) .  
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Table 7 

G lass Transit ion and Crystal l ine Melt Temperatu res of Po lyi mides 

i o o o o � ,....I I  · 0 l l._ I I  I I  
N._ )§]_ g _@( __....N -r()1 r()r C - Ar - C --r(Y O I I  I I  lSl- 0 --l8J lSl- 0 

0 0 n 

A r = 

Ref. 4 1  

Poly (amic acid) 
Tl inh ' dUg 

0 . 8 1  

0 . 62 

0 . 5 7  

0 . 5 2  

0 .42 

Polyimide 

222 350 

233 427 

233 422 

2 1 5  4 1 8  

246 424 

37 



Table 8 

Properties of LARC-CPI 

G lass t ransition  temperature: 222°C 
Crystal l i ne  melt temperature :  350°C 
Melt viscosity at 395°C at angular frequency of 0 . 1  rad/sec: 1 os Pa·sec 
Equi l ibri um moisture pickup :  < 1 %  
Die lectric constant at 1 MHz : 3 . 1  
So lvent R'esistance : Exce l lent 
Fractu re E nergy (Gic) :  6650 J/M2 (38 i n  lbfi n2) 

Unoriented Thin F i lm Tensi le Properties (Through 1 h r @ 300°C) 

Strength , Modulus ,  
Test Condit ion MPa (Ksi ) GPa (Ksi) 

25°C 1 51 .7 (22 .0)  4 .34 (630) 
25°C after 1 00 hr soak 1 39.9 (20.3) 4.07 (590) 

in 30%aq . NaOH 
1 77°C 1 04.8 ( 1 5 .2)  3 .72 (540) 
232°C 35.8 (5.2) 1 .69 (245) 

232°C after 1 00 h r @ 57.9 (8.4) 2.35 (34 1 ) 
3 1 6°C i n  a i r  

E longat ion ,  
% 

8 .3  
5 .0  

2 1 . 1  
76. 1 

9 . 6  

Ti!Ti Adhesive Properties [RT 4 400°C u nder 6 .9  MPa (1 000 psi ) ,  ho ld 1 5  m in  
@ 4000C] 

Test Condit ion 

25°C 
25°C after  1 000 h r  @ 232°C 

1 7JCC 
232°C 

232°C after 1 000 hr  @ 232°C 
232°C after 1 00 hr @ 31 6°C in a i r  

Ref. 42 

Tensi le Shear Strength,  MPa (psi) 

43 . 1  (6250) 
49 . 1  (71 20) 
31 . 1  (45 1 0) 

4 . 1  (590) 
1 8 .9  (2740) 
25.3 (3670) 

38 



One fami ly of polymers that has good mechan ical properties as we l l  

as  relat ively low melt v iscosity and  good processabi l ity i s  t he  poly(ary lene 

ethers) .  The synthesis of poly(arylene ethers) i nvo lves the nucleophi l ic 

displacement of activated aromatic hal ides in polar so lvents by a lkal i  metal 

pheno lates or Friedei-Crafts processes. Nucleophi l ic d isplacement and 

Friede i-Crafts react ions lead ing to h igh molecu lar weight po ly(ary lene ethers) 

were i n it ia l ly reported in the late 1 950s (52) and early 1 960s (53), 

respective ly. 

The large fami ly of poly(arylene ethers) can be d ivided i nto 

poly(aromatic ketones) and po ly(aromatic sulfones) .  U n l i ke po ly(aryl 

su lfones) which are typically amorphous, most poly(aryl  ketones) exh ibit 

part ial crystal l i n ity, usual ly with melt i ng poi nts above 300°C. The synthetic 

routes to these materials have much in common.  In fact polymerizat ion 

react ions suitable for prepari ng poly(ary l  sulfones) can be used to p repare 

amorphous poly(ary l  ketones) without any modificat ion .  However, to prepare 

crystal l ine poly (ary l  ketones),  which precipitate prematurely from solut ion due 

to l im ited solubi lity i n  most organic solvents, modificat ions to typical Friedel 

Crafts and nucleophi l ic d isplacement react ions have been made. 

Polymerizat ion by Friedei-Crafts acylat ion has been  studied i ntensely 

in the last two decades. Both A-B (one component) and A-A, B-B (two 

component) systems have been successful ly polymerized to h igh  molecular 

weight polymers. Regard less of the monomer system,  the formation of usefu l 

polymers depends on  the solubi lity of the polymer i n  the react ion mixture and 

the quantitative acylation of either a phenoxy or  a biphenyl g roup 

reg iospeci fically at the para position .  For A-B systems, Marks (54) was 

successfu l at prepari ng h igh molecular weight crystal l i ne poly(ary l  ketones) 

by ut i l izi ng the unique combi nat ion of an hydrous hydrogen fluo ride/boron  
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trifluoride as a catalyst and solvent system as shown i n  Table 9 .  Colquhoun 

and Lewis (55) a lso prepared h igh molecular weight poly(ary l  ketones) from 

A-B systems but they uti l ized t rif luoromethanesulfonic acid ,  a strong acid 

capable of protonati ng the polyketones, as so lvent. Several of the i r po lymers 

are also shown i n  Table 9 .  

Wh i le  one component A-B systems have received some attention ,  the  

majority of research has focused on  two component A-A, B-B systems. 

Uti l iz ing anhydrous hydrogen f luoride/boron trifluoride as Marks had done,  

Janson (56)  was successful  prepari ng h igh mo lecular weight polymer from 

two component systems as shown in Table 1 0  using terephthal ic acid.  Also 

shown in Table 1 0 , Dahl (57) used the same so lvent/catalyst to prepare h igh 

molecu lar weight poly(ary l  ketone) from terephthaloyl ch loride .  Us ing a 

d iffe re nt solvent, t ri f luoromethanesulfonic acid, Jansons {56) prepared h igh 

molecu lar weight polymer from isophthaloyl ch loride and d ipheny l  ether. 

U nt i l  1 984, hydrogen f luoride/boron t ri f luoride and t ri f luoro methane

su lfonic acid were the on ly so lvent-catalyst systems usefu l for preparat ion of 

h igh molecular weight PAEs. These methods are not ideal for i ndustrial 

practice due to the i r cost and handl ing problems. A luminum chloride, used 

or ig inal ly, has received renewed i nterest. Jansons (58) reported numerous 

examples in which AICI3 in methylene ch loride (and other ch lori nated 

so lvents) in conjunction with a Lewis base proved to be effective in g ivi ng 

high molecular weight polymers. The preferred Lewis bases are d imethyl

formamide, l i th ium ch loride and ammonium chlorides. It was c laimed that the 

complex formed from AICI3 and a Lewis base could either act as a solvent or  

as  a swel li ng  medium for the polymer. Structures and l im ited data for  two 

early poly{aryl ketones) synthesized by Effenberger and Epple {59) and 

Goodman and coworkers (60) using AICI3 are shown i n  Table 1 1 .  
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Table 9 

Synthesis of A-B Systems by Friedei-Crafts Acylat ion 

0 
@@-g-CI HF/BF3 �g}. 

I I  HF/BF. I I  o i©- o
t @-o-@-C-CI 3 0 o-@-c n 

a) 0 .5  g/dl i n  H2 S04 at 30°C 
Ref. 54 

CF SO H I I  

i©-

o
t @-o-@-@-COOH 3 3 0-@-@-c n 

CF SO H I I  

i©-

o
t @-o-@-o-@-COOH 3 3 0-@-o-@-c n 

b) 1 . 0 g/dl i n  Cf3 s� H at 30° C 
Ref. 55 

llinh (dUg) I Tg (oC) I T m (0C) 

1 .7 a 

1 .33 a 1 63 36 1 

1 .88 b 2 1 6 486 

1 . 1 9  b 1 52 330 

""' 
...... 



Table 1 0  

Synthesis of A-A, B-B Systems by Friedei-Crafts Acylat ion 

HF/BF. II II 
{<g- 0 0+. 

HOOC -@- COOH + @-0-@ 3 0-@-c-@-c n 

II II HF/BF. II II 
0 0 {<g- 0 0+. 

CI -C-@-C- CI + @-o-@ 3 0 o-@-c-@-c n 

Ref. 56 

I I  I I  HF/BF. I I  I I  0 0 � 0 0+. 
CI-C-@-C - CI + @@-o-@ 3 0 0 o-@-c-@-c n 

I I  I I  HF/BF. I I  I I  0 0 
{<g-

0 0+. 
CI -C-@- C - CI + @-0-@-0-@ 3 0 0-@-o-@-c-@-c n 

Ref. 57 

a) 0 . 1  g/dl i n  H2 S04 at 30° C 

b) 0. 1 25 g/dl i n  H2 S04 at 30° C  

llinh (dUg) I Tg ( oC) I T  m (0C) 

1 . 1 6 a 

0.95 b 1 75 280 

0 .43 a 402 

0.90 a 360 

� 
N 



Table 1 1  

Synthesis of A-A, B-B Systems by Friedei-Crafts Acylat ion 

II II AICI II 
o o 

� 
o

i CI -C-@-0-@-C- CI + @-o-@ 3 0 0-@-c n 

Ref. 59 

II II II AICI II II II 
o o o 

� 
o o o} 

CI -C-@-c-@-C - CI + @-o-@ 3 0 0-@-c-@-c-@-c n 

Ref. 60 

a) 0 . 1  g/dl i n  H2S04 at 30° C 

llinh (dUg) I Tg ( oC) I T m (0C)  

1 .03a 

370-380 

.p. 
w 



N ucleoph i lic substitution ,  the second method used to prepare 

poly(ary lene ethers) ,  i nvo lves the react ion of an alkal i metal phenoxide with 

activated aromatic hal ides to g ive a h igh y ie ld of the corresponding ethers.  

As shown in Figure 7, the mechanism proceeds through an anion ic 

i ntermediate, sometimes called a Meisenheimer complex,  several of which 

have been iso lated (6 1 ) .  The leavi ng g roups typical ly uti l ized are halogens 

and the order of reactivity i s  F > Cl > Br > I .  Furthermore ,  activati ng g roups are 

requi red in the ortho or para positions to the leavi ng g roup to al low the 

format ion of h igher y ie lds of the desired product. The activati ng g roups are 

e lectron withdrawing thereby stabi l iz ing the i ntermediate both by induct ion 

and by de localizat ion of the negative charge.  E lectron withdrawing groups in 

the meta position have very little activat ing effect. To prepare po lymers,  the 

d i hal ide must be sufficiently activated as wel l  as have a good leavi ng g roup 

(F or C l ) .  Furthermore, the bisphenol must be a good nucleoph i le  and attack 

the d i hal ide at the e lectron difficient aromatic carbon .  

The i n it ial development of poly(ary lene ethers) by  nucleoph i l ic  

displacement took place concurrently i n  two research g roups. Rose and 

coworkers reported (62,63) low molecular weight polymer by react ing the 

disodiu m  salt of 2 ,2-bi s(4-hydroxyphenyl)propane (Bisphenol A)  with 4 ,4'

d ich lo robenzophenone in d imethylsu lfoxide (DMSO) contai n ing a catalytic 

amount of copper oxide. Johnson  and coworkers, us ing the f luoro analog 

(4,4'-dif luorobenzophenone) reported (64-66) a high molecu lar weig ht 

po ly(ary lene ether) after on ly 0 .5  h of react ion t ime at 1 35°C in DMSO. 

Besides chemical reactivity, two factors essent ial  for the formation  of h igh 

molecu lar weight are : 1 )  a suitable solvent and 2)  exclusion of a ir  and water. 

Solvents are chosen because of thei r abi l ity to dissolve the alkali 

b isphenoxide as wel l  as the growing polymer chains u nder anhydrous 
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G = C , SO 2, etc. 

Figure 7. Mechanism for synthesis of aromatic ethers. 
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conditions .  The presence of water causes hydro lysi s of the activated aromatic 

halides and, to a smal l  extent, chai n scissions via the attack of sod ium 

hydroxide o n  the po lymer chai ns. The exclusion of  atmospheric  oxygen is  

necessary due to the ease with which phenoxides are oxidized at  e levated 

temperatu re .  

There are several undesirable features associated with t he  above 

react ion conditions .  An exact stoich iometry in base is requi red s i nce excess 

sod ium hydroxide wi l l  degrade the di hal ide and the polymer. On the other 

hand, a deficie ncy of base wi l l  obviously g ive i ncomplete reaction .  An 

i mproved procedure using anhydrous potassium carbonate in a po lar aprotic 

solvent fi rst appeared in the patent l iterature in the late 1 970s (67,68) .  More 

recent work has reported the use of anhydrous potassi um carbonate and 

to luene wit h N , N'-d imethylacetamide (69) or N-methylpyrrol id i none (70) .  

Potassiu m  carbonate is a sufficiently strong base to  react with phenols at 

e levated temperatu res and is on ly spari ng ly soluble i n  o rgan ic solvents. 

Therefore , the potassium bisphenoxide and water is gene rated g radual ly 

dur ing the react ion .  Because of i ts l im ited solubi l ity, potassium carbonate can 

be used in excess without h i ndering the productio n  of h igh mo lecular weight 

polymer. The fo rmation  of water under these react ion condit ions i s  shown in 

Figu re 8 (69 ) .  To mai ntai n the necessary anhydrous conditions,  toluene is 

added to the react ion .  When heated, to luene forms an azeotropic mixture 

with water present i n  o r  formed by the reaction ,  which is removed by 

d ist i l latio n  i nto a Dean-Stark t rap. 

Compared to the dimethylsu lfoxide/aqueous sod ium hydroxide 

system ,  th is  alte rnate route appears to be nearly 1 0  ti mes slower. The s lower 

react ion rates may be due to hydrogen bonding between the phenoxide and 

u nreacted phenols, the lower die lectric constant of the react ion medium due 
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+ -
K2C0 3 + HO -Ar -OH � K 0 - Ar - OH + KHC03 

+ - + - - + 
KHC0 3 + K 0 - Ar - OH � K 0 - Ar - 0 K + H 20 + C02 

2KHC0 3 � K2C0 3 + C0 2t + H 20 

Figure 8. Formation of water in nucleophilic substitu
tion using potassium carbonate base. 
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to the presence of toluene or possibly the in it ial heterogeneous nature of the 

potassium carbonate. Therefore, h igher temperatures are requ i red to 

produce h igh  mo lecu lar weight polymers. V iswanathan and coworkers 

reported (69) that at the e nd of 1 0  h under the above condit ions,  the react ion 

carried out at 1 57°C produced h igh molecu lar weight polymer whi le the one 

at 1 40°C y ie lded on ly trimers and ol igomers .  Hergenrother and coworkers 

have reported (71 -73) many additional h igh molecu lar weight poly(ary lene 

ethers) synthesized by th is  alternate process. 

To prepare h igh  molecular weight crystal l i ne poly(arylene ethers) , 

modificat ions to the above procedure are necessary. The main problem i n  

t h e  preparatio n  o f  crysta l l ine polymers is the i nsolubi lity with i ncreasing 

mo lecu lar weight .  In the procedure d iscussed above, crysta l l i ne poly(arylene 

ethers) precipitate from solut ion before h igh molecular weight is  achieved 

(64). However, Rose and coworkers (74-76) d iscovered that h igh  molecular 

weight crystal l ine polymers cou ld be prepared in d iphenylsulfone .  The 

react ion s imply i nvolved m ix ing the appropriate amounts of monomers i n  

d iphenylsu lfone and heati ng the mixture to 335°C for 2-3 h .  On cool ing ,  the 

v iscous  melt set to a hard sol id which was ground to a powder then extracted 

with water and methanol .  The structures, i nherent viscosities and thermal 

transitio n  temperatures for several of these poly(arylene ethers) are l isted i n  

Tables 1 2 , 1 3  and 1 4. 

Several thermoplastic poly(arylene ethers) such as Udel® 

(polysu lfone)  (80), Kadel® (polyketone) (80) ,  PEEK® [poly(ether ether 

ketone)] (81 ) ,  and Victrex® PES (po lyethersu lfone)  (81 ) are com mercial ly 

avai lable.  These materials are excel lent high performance e ng i neeri ng 

thermoplastics and are used in a variety of appl icat ions such as coatings,  

adhesives composites, molded components, toughen ing agents and 
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Table 1 2  

Synthesis of A-B Systems by Nucleophi l ic  Substitut ion 

� @-so 2
-@ 

Ho -@-c -@- F 
KOH,  335 ° C  

Ref. 74 � @-so 2
-@ 

Ho -@-c -@- cl KOH ,  335 ° C  
Ref. 75 

0 
II 

HS -@-c -@- c1 
Ref. 77 

a) 0. 1 g/dl i n  H2 S04 

�o -@-g-©h 

�o-@-g-©h 

�s-@-g-©h 

1 11 inh a (dUg) 

I 
Tg (oC) I T m (oC) 

I 1 . 1 5  I 1 54 I 367 

I 0.79 

I 0.73 I -- I 352 

� 
\0 



Table 1 3  

Synthesis of A-A, B-B Systems by N ucleoph i l ic  Substitut ion 

I I  0 S02 0 I I  0 @- -@ � 0
-h F�C�F + HO�OH 0 O�O�C n 

I I  0 S02 0 I I  0 @- -@ � 0 -h 
F�C-@-F+ HO-@-@-OH 0 0 o-@-c-@-0 n 

Ref. 78 

0 I I  C5F 
F �C-@-F + MeSIC-@-0 SiMe Jsooc �o-@-o-@-g-h 

I I  C F I I  0 � 0 -h 
F�C-@-F+ MeSIO-@-@-OSiMe 'lr:.�o(' 0 0 0-@-c-@-0 n 

Ref. 79 

a) 0. 1 g/dl in H2 S04 

I �;oh a (dUg) I Tg (oC) I 

1 .27 1 44 I 

I -- I 1 67 I 

I 0.79 I -- I 

0.62 

Tm (oC) 

335 

41 6 

344 

421 

U'1 
0 



Table 1 4  

Synthesis of A-A, B-B Systems by Nucleophi l ic  Substitution  at 1 55°C Using K2C03 and D MAc/Toluene 

0 0 
* 

Cl �g_@_g_@CI + HO 0 0 OH 

0 0 
* 

F�g_@_g_@ F + HO 0 0 OH 
0 

0 I I  

* 
Cl �g_@c �

CI  + HO 0 0 OH 

0 0 Cl �g_@_g_@cl + 

0 
0 I I  

Cl �g_@c�
CI + 

Ref. 73 

a) 0 .5% i n  CHCI3 at 25°C 

HO OH 

:0: 0 
HO OH 

:0: 0 

I 
ll inh a (dUg) 

I 
Tg (oC) I 

Polymer I 0.57 I 1 52 

Polymer I 1 .23 I 1 55 

)o Polymer I 0.68 I 1 66 

Polymer I 0.95 I 223 

Polymer I 1 .27 I 243 

T m (oC) 

(J1 
..... 



u ltrafi ltrat ion membranes. Many excel lent references (82,83) are avai lable o n  

poly(ary lene ethers) which d iscuss the synthesis, characte rizat ion and 

chemical and physical  propert ies of these h igh performance polymers .  

Both po lyimides and po ly(ary lene ethers) are eng ineering materials 

with many att ractive properties for a variety of appl icat ions.  Polyimides are 

known for the ir  excel lent thermal stabi lity , chemical resistance and 

mechanical properties but are somewhat difficu lt to process i nto usefu l 

composites, adhesives or  mo ldi ngs.  Poly(ary lene ethers) are known for the i r  

good mechan ical properties, thermal stabi l ity and ease o f  processi ng i nto 

usefu l parts. In an effort to i mprove the processabi lity of polyimides, a variety 

of copolymers contai n i ng the i mide un i t  as wel l  as other more f lexible repeat 

u n its have been prepared. Copolyimides contai n ing other  f lexible un its have 

been synthesized as random, block and g raft copolymer systems. In some 

early work, researchers i ncorporated organosi loxane u n its or blocks i nto the 

polyi mide (84-87) . These materials were usefu l as fi lms,  adhesives and 

coat ings.  More recently, polysi loxane-contai n ing poly imides have been 

prepared and reported (88-9 1 )  which exhibit h igh g lass t ransit ion 

temperatu res,  good ducti l ity, exce l lent thermal stabi l ity and low die lectric 

constants. These copolymers are based on aminopropyl-te rmi nated 

polyd imethy ls i loxane o l igomers which were i ncorporated i nto the poly im ide 

backbone.  I n  1 984, Johnson et. a l .  reported (92) the i ncorporat ion of im ide 

u n its i nto a polysu lfone polymer. As shown i n  Figu re 9 ,  a bispheno l  prepared 

from p-ami nophenol  and 3,3' ,4,4'-benzophenone tetracarboxyl ic acid 

d ianhydride contai n i ng the i mide moiety was then polymerized to a 

poly( im ide-ether su lfone) copolymer. For these random copolymers,  made by 

vary ing the ratio of one bisphenol  to the other, properties corresponded 
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c1-@-so2-@-c1 + Ho --@-@-oH 
0 0 0 I I  I I  I I  -@- /c�c�c, -@-

+ HO N,c.A0 �CJJ 0 OH 
I I  I I  0 0 CHP/NMP 1 180° C K2C03 N2 

0 0 0 I I  I I  I I  
o-@-@-o-@-so2-@-fto-@-{�:@Jc'@:�}-@-o-@-so2 

I I  I I  0 0 

Figure 9. Synthesis of poly(imide-ether sulfone) copolymer. 
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d i rectly to the content of each monomer present. Copolymers with higher 

i mide content had higher strength and modulus,  as expected. 

I n  1 988, Kricheldorf et. al . reported (93) copoly(ester im ide)s of 4-

hydroxybenzoic acid and N-(4-carboxypheny l)-4-hydroxyphthal imide.  

Synthesis of homopolymers shown i n  Figu re 1 0  was accompl ished i n  the melt 

at temperatu res betwee n  250-350°C or i n  an i nert reaction medium at 350°C. 

Also shown are copolymers prepared by varying the ratio of monomers to 

provide h igher or  lower i mide content. These copolymers are semi-crystal l i ne  

with Tms rang ing from 390 to  340°C,  corresponding to  decreasi ng im ide 

content. The synthesis of im ide-ary l  ether benzoxazole random copolymers 

was recently reported (94) by Hedrick et. al .  As shown i n  F igure 1 1 ,  a 

benzoxazole contai n ing d iamine,  along with oxydian i l i ne ,  was reacted with 

pyromel l it ic dianhydride to form the copolymers .  Cassidy et. a l .  have recently 

reported (95) copoly( imidi ne- imides) which were prepared by i ncorporat ing 

pendent benzyl idene g roups on  the dianhydride monomers as shown i n  

Figure 1 2 . React ion of these dianhydrides and other dianhydrides with 

d iamines led to the copoly( imidi ne-imides) .  The new copolymers have 

g reatly enhanced solubi lity and form tough ,  transparent fi lms from N

methylpyrro l id i  none .  

Grade and Verbicky have recently reported (96) polyimide-polyformal 

b lock copolymers in an effort to prepare a more f lexible polymer possessi ng 

the exce l lent thermooxidative stabi l ity of polyi mides. Aromatic po lyformals 

exh ibit except ional the rmooxidative stabi l ity wh i le havi ng a s ign ificantly lower 

Tg and modulus than most polyimides (97- 1 01 ). Therefore ,  amine-terminated 

po lyformal o l igomers were reacted with anhydride-term i nated polyimide 

ol igomers to form the copo lymers.  The thermal properties and thermal 

stabi l ity were evaluated for these copolymers and found to be exce l lent .  
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Homopolymers 

Copolymers 
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Figure 10. Synthesis of copoly(ester imide)s. 
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H2N -@-o-@-NH2 + 

Poly{amic acid) 

0 0 
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m 0 0 
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Ratio of m :n  varied from 9 : 1  to 1 :3 

Figure 1 1 .  Synthesis of imide-aryl ether benzoxazole 
random copolymers. 
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Figure 12. Benzylidene containing dianhydride 
monomers. 
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Im ide homo and copolymers contain i ng carbonyl and ether connect ing 

g roups have been reported recently by Hergenrother  and Havens ( 1  02)  and 

were found to have an attractive combination of propert ies. Depending on  the 

chemical structure ,  Tgs ranged from 1 72 to 258°C and several of these 

polymers were crystal l i ne .  

Because of the exce l lent properties associated with polyimides and 

poly(arylene ethers) ,  i t  was envisaged that block copolymers contai n ing each 

of the above moieties may have an excel lent overall combinat ion of 

properties. The im ide port ion should impart h igh mechan ical propert ies and 

thermal stabi l ity and the ary lene ether port ion should impart good 

processabi l ity and high toughness i nto the proposed block copolymers. 

58 



EXPERIMENTAL 

General 

Melt ing points were determined using a Thomas Hoover melti ng 

poi nt apparatus or a DuPont Model 990 Differential Thermal Analyzer (DTA) 

at a heat ing rate of 1 0°C/min .  E lemental analyses were performed by 

Galbraith Laboratories, I nc. ,  Knoxvi l le ,  Ten nessee. I nherent viscosities (Tlinh ) 

were o btained usi ng a Cannon-Ubbelohde viscometer on  0 .5% solution s  i n  

chloroform (CHCI3) ,  DMAc, N MP or  m-cresol at 25°C. I nfrared ( I R) spectra 

were obtai ned on a N icolet 60SX Fou rier Transform I nfrared Spectrometer 

System equipped with a l iquid n itrogen  cooled Mercury Cadmium Tel luride 

(MCT) detector. A Harrick Diffuse Reflectance Attachment (ORA-Pray ing 

Mantis Mode l ,  Harrick Scientific Corporation )  was used for al l  reflectance 

measurements. Proton nuclear magnetic resonance ( 'H-N MR) spectra were 

taken on a Varian EM 360A spectrometer with tetramethylsi lane as i nternal 

standard . Gel-permeation chromatography (G PC) was performed on a 

Waters Associates chromatograph us ing chloroform as the mobi le phase at a 

flow rate of 1 mUmin . ,  an u ltra-Styragel co lumn bank ( 1 06, 1 05 ,  1 04, 1 03 A) 
and UV detector at 254 om wavelength. Differe nt ia l  scann ing calorimetry 

(DSC) was performed on  a DuPont Model 990 Thermal Analyzer i n  

combinat ion with a standard DuPont DSC cell at a heat ing rate o f  20°C/mi n .  

The apparent g lass transition temperature (Tg) was taken at t he  i nflect ion 

point of the �T versus temperature curve. Torsional braid analyses (TBA) 

were conducted at a heati ng rate of 3°C/mi n  in a n it rogen atmosphere over 

the temperature range - 1 00 to 400°C on  solution coated braids which were 

cu red 1 h each at 1 00 ,  200 and 300°C. The Tg values were taken at the peak 

of the damping curves. Thermogravimetric analyses (TGA) were performed 
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on  f i lm samples using a Perkin-E lmer program temperatu re contro l ler  mode l 

UV-1 i n  combinat ion with a heater contro l ler  and an autobalance model AR-2 

at a heati ng rate of 2 .5°C/min  i n  both air and n itrogen flowing at a rate of 1 5  

m l/m in .  Polymer melt viscosity was measured using a Rheometries System IV 

rheometer with a paral le l  plate configuration with the top plate operating i n  an 

osci l lat ing mode at different frequencies (0 . 1  to 1 00 radians/sec). Wide angle 

x-ray scattering (WAXS) data was obtai ned on  powder or  thin f i lm specimens 

using a P hi l l ips XRG 3600 x-ray diffractometer. With the x-ray diffractometer 

operated at 45 kV and 40 mA, us ing copper radiat ion with a f lat sample ho lder 

and a g raphite monochromator, the i ntensity of one second counts taken 

every 0 .0 1  degrees (28) were recorded on hard disc for the angu lar range : 

1 0  - 40° (28).  An external a-quartz standard was used i n  gon iometer 

alignment .  TBA, TGA, melt viscosity and WAXS analyses were performed by 

the techn ical staff of NASA-Langley. The number average molecu lar weight 

was determi ned at Virg inia Po lytechnic I nstitute and State Un iversity for the 

amine terminated poly(ary lene ethers) (ATPAE) by amine g roup t itration us ing 

a MCI  Model GT-05 Autotitrator with 0 .02 M HBr i n  g lacial acetic acid as the 

titrant. The ATPAEs were dissolved in  a 2 : 1  mixtu re of ch lorobenzene and 

acetic acid. 

D MAc, NMP or m.-cresol solutions { 1 5% so lids) of the various 

polymers were centrifuged, the decantate doctored onto plate g lass and dried 

at 25°C to a tack-free form in a dust proof chamber. The fi lms on g lass were 

cured 1 h each at 1 00, 200 and 300°C. Mechanical tests were performed 

according to ASTM 0882 on four  speci mens per test condition .  
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Moldings 

The po lymers were compression molded in  a stai n less steel  mold 

us ing a hydrau l ic press equ ipped with elect rical ly heated platens .  The 

temperatu re and pressure used depended on  the part icular sample and 

varied accord ing ly .  Fou r  compact tension speci mens (see Figu re 1 3) ,  

approximately 0 .62 x 0 .62  x 0 .32  i n  thick, were cut from the 1 .25 i n  square 

moldi ngs and tested by a known procedure (1 03) .  

Adhesive Speci mens 

The as prepared poly(amic acid) solutions were used to brush coat 

1 1 2 E-g lass, with an A- 1 1 00 fi n ish ,  secu red o n  a frame. Each coat was dried 

in an air c i rcu lati ng oven  for - 1 h each at 1 00 and 200°C which converted 

most of the poly (amic acid) to po lyimide. Generally, teo coats were requi red 

to provide a 1 2  mi l  th ick boardy tape. Titan ium (Ti , 6AI-4V) to titan ium tensi le 

shear specimens with a Pasa-Jel l  1 07 surface treatment were fabricated by 

placi ng in a preheated hydraulic press, heati ng rapidly to temperatu re ,  

apply ing pressure and ho ld ing from 1 5  - 30 m in .  Fou r  specimens were tested 

for each condit ion accord ing to ASTM D1 002. 

Composites 

Prepreg was prepared using a Research Tool Corporation Model 30 

drum winder with the drum speed set at 3 rpm, the fiber tension at 0 . 1 %  and 

the transverse rate at 42%. Using a die with a 0.02 i n .  wide x 0 .22 in .  long 

gap and a g uide ro l ler of 0 .22 in. (which determ ines the width of a tow as it is 

placed on the drum) ,  NMP solut ions (25% sol ids content) of the end-capped 

polymers were coated o nto Hercu les AS-4 g raphite f iber ( 1 2K tow, u nsized) .  

Prepregs 76 i n .  long and up to 1 2  i n .  wide were prepared on  th is dru m  

6 1  



Force 

�-o��l..c:t------- 0.62" -----+__:� 

0.62" L....--------. Precut 

Razor crack 

Force 

Figure 13. Compact tension specimen. 

62  

.. ., 



winder. The prepregs were air dried on the dru m  for 1 6  h fol lowed by dry i ng 

i n  an oven by slowly heating (4°C/min )  to 200°C and holding for 1 h .  

Un id i rectional composites were prepared b y  stacki ng prepreg ( 1  0 layers for 

f lexure specimen and 1 8  layers for short beam shear specimen)  in a 3 in. x 3 

i n .  stai n less steel  mold. The mold was then i ntroduced to a hydrau l ic press 

with e lectrically heated platens preheated to 400°C. The mold was heated 

rapidly (during - 45 m in . )  to 380°C where a pressure of 300 psi was applied. 

The mold was held at 380°C u nder 300 psi for 1 5  m in .  then a l lowed to cool to 

room temperature whi le pressure was maintai ned. The 1 0  ply panels were 

cut i nto f lexural specimens (3 in. x 0.5 i n . )  and tested accord ing to ASTM 

0790-86. The 1 8  ply panels were cut i nto short beam shear specimens (0.75 

i n .  x 0 .25 i n . )  and tested according to ASTM 02344-84. 

Starting Materials and Reagents 

N , N-Oimethylacetamide (OMAc) was obtai ned commercial ly (F iuka 

Chemical Co . )  and was used as received. N-Methyl-2-pyrro l id inone (NMP) 

was obtai ned commercial ly (Aldrich Chemical Co.)  and was used as 

received. m-Cresol was obtai ned commercial ly (Aldrich Chemical Co . )  and 

was used as received. To luene was obtai ned commercial ly (Fisher Scientific) 

and was used as received. Ch loroform (CHCI3} was obtained commercial ly 

and was used as received. 4-Aminophenol  was obtai ned commercial ly and 

was subl imed u nder vacuu m  at 1 70 - 1 75°C, m .p. 1 88 - 1 90°C. 

Monomers 

1 ,3-Bis( 4-fluorobenzoyl)benzene (FBB) 

Anhydrous powdered aluminum chloride ( 1 64.7 g ,  1 .240 mol }  was 

added during - 5 min  to a sti rred solut ion of isophthaloyl ch loride (1 0 1 .5  g ,  
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0 .500 mol)  i n  f luorobenzene (480 .5  g ,  5. 000 mol) .  The react ion became 

exothermic, with the temperatu re i ncreasing to - 60°C. After the exotherm 

subsided, the reaction was maintained at - 75°C fo r 4 h and then pou red i nto 

cold, aqueous hydrochloric acid.  The suspension was dist i l led to remove 

excess f luorobenzene and the residual sol id was col lected by f i ltration .  The 

crude product was recrystal l ized from toluene to afford 1 ,3-bis(4-

f luorobenzoyl)benzene as white crystals ( 1 30.5 g, 8 1 % y ie ld ) ,  m .p .  1 78 -

1 79°C. Anal .  Calcd. for C2oH1 2F202 : C, 74.53%; H ,  3.75%; F, 1 1 .79%. 

Found :  C, 74.33%; H,  3.59%; F, 1 1 .42%. 

9,9-Bis( 4-hydroxyphenyl)fluorene (BPF) 

9-Fiuorenone ( 1 35. 1 5  g ,  0 .7500 mol)  was reacted with phenol  

(282.34 g ,  3 .000 mol) in  the presence of 3-mercaptopropionic acid (- 2 g )  at -

50°C with sti rri ng whi le hydrogen chloride gas was bubbled i nto the mixture .  

After 4 h at - 50°C, the reaction mixture became l ight amber and viscous.  The 

react ion was terminated when a l ight g reen so l id  formed and the m i xture 

became too viscous  to sti r. The crude product was steam dist i l led to remove 

phenol ,  ai r dried at - 1 00°C, and was recrystal l ized twice from toluene to 

afford 9 ,9-bis(4-hydroxyphenyl)fluorene as an off-white sol id (1  05  g ,  - 40% 

yield) ,  m .p . 222 - 223.5°C [Lit. ( 1  04) m.p. 223 - 224°C] . 

2,2-B is(4-hydroxyphenyl)propane (BPA) 

This monomer was obtai ned commercial ly (Aldrich Chemical Co.)  

and was recrystal l ized from toluene to yield a wh ite crysta l l ine sol id ,  m .p. 1 56 

- 1 57°C. 
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1 .3-Bis(4-aminophenoxy-4'-benzoyl)benzene (BABB) 

4-Aminophenol  (1 0 .9 1  g ,  0 . 1 00 mol) was dissolved i n  a solut ion of 

DMAc (75 ml) and to luene (75 ml) in a three-necked flask equipped with a 

Dean-Stark t rap. Powdered anhydrous potassium carbonate ( 1 7.28 g ,  0 . 1 25 

mol )  was added and water was removed by azeotropic d ist i l latio n  with 

to luene.  To luene was removed u nt i l  the temperature reached 1 30 - 1 40°C. 

Then 1 ,3-bis(4-fluorobenzoyl )benzene ( 1 6 .  1 2  g ,  0 .050 mol) was added and 

the react ion mixture stirred at 1 30 - 1 40°C overnight u nder a nitrogen  

atmosphere .  The mixture was al lowed to  cool and subsequently added to  

water to precipitate a sol id which was co l lected by  fi ltrat ion and dried. Two 

recrystal l izations  from 1 : 1  to luene-ethanol afforded 1 ,3-bis(4-aminophenoxy-

4'-benzoy l)benzene as a tan solid ( 1 4 .5 g, 58% yield) ,  m .p .  1 6 1 .5 - 1 64°C ; IR  

(KBr) 3445, 3379 cm-1 ( s ,  N H2).  1 639 cm-1 (vs, sharp, C=O ) ;  'H N M R  (CDCI3) 

8 3.60 (s, 4H ,  N H2) ,  6 .3 - 8.3 (m,  20H,  aromatic) .  Anal. Calcd. for 

C32H24N204 : C, 76.79%; H ,  4.83%;  N ,  5.60%. Found :  C ,  76.62%; H ,  5 . 1 1 % ; 

N ,  5 .28%. 

3.3'.4.4'-Benzophenonetetracarboxylic acid dianhydride (BTDA) 

This monomer was obtai ned commercial ly (AI Ico Chemical Co . )  and 

was subl imed at 21 ooc under vacuum to yield a white crystal l i ne sol id, m .p .  

224 - 226°C. 

4.4'-0xydiani l i ne (ODA) 

This monomer was obtai ned commercial ly (Aldrich Chemical Co . )  

and was subl imed at  1 75°C under vacuum to yield an off white so l id ,  m .p. 1 90 

- 1 92°C. 
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Polymers 

The po ly(ary lene ethers )  were prepared by nucleophi l ic aromatic 

substitution  us ing a non-stoichiometric ratio of monomers, a sl ight excess of 

potassi um carbonate and DMAc as solvent at 20 - 25% sol ids content. Water 

was removed by azeotropic dist i l lat ion  with toluene i nto a Dean-Stark trap, 

and the reaction was stirred at - 1 55°C overnight under a nitroge n  

atmosphere .  Polymers are represented us ing t h e  abbreviat ions o f  the 

monomers used in polymer preparation .  

EBB/SPA 

1 ,3-Bis(4-fluorobenzoyl)benzene (80.579 g ,  0 .2500 mol ) ,  2 , 2-bis(4-

hydroxyphenyl )propane (55.932 g ,  0 .2450 mol) ,  and potassium carbonate (76 

g, 0 .55 mol) in D MAc (500 ml) and to luene (70 ml) were sti rred in a nitrogen  

atmosphere .  Water was removed by azeotropic dist i l latio n  with to luene i nto a 

Dean-Stark trap. The react ion was heated to - 1 55°C during - 3 h and he ld 

at - 1 55°C for 1 6  h .  The reaction was al lowed to coo l  to - 80°C, fi ltered 

through a si ntered g lass funne l  and neutralized with a 50 :50 mixture of acetic 

acid/DMAc. The polymer solution was poured i nto water in a b lender to 

precipitate the polymer which was washed successively with water and 

methanol  and subsequently st i rred in boi l ing methanol .  Dry i ng in ai r at 1 oooc 
for 4 h afforded an off-white polymer in > 95% yield (Tlinh = 0 .87 dUg ,  CHCI3 

at 25°C; Tg = 1 56°C, DSC at 20°C/mi n) .  

EBB/BPE 

1 , 3-Bis(4-fluorobenzoyl)benzene (209 .5 1  g ,  0 .6500 mol ) ,  9 , 9-bis(4-

hydroxyphenyl )f luorene (222.99 g, 0 .6363 mol) ,  and potassi um carbonate 

( 1 9 1 . 6  g, 1 .386 mol)  in DMAc ( 1 300 ml) and to luene (250 ml )  were sti rred 
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u nder a Dean-Stark trap i n  a n itrogen atmosphere. Water was removed by 

azeotropic d isti l lation  with toluene i nto a Dean-Stark trap. The react ion was 

heated to - 1 55°C during - 3 h and held at - 1 55°C for 1 6  h. The react ion 

was al lowed to cool to - 80°C, fi ltered through a si ntered g lass funne l  and 

neutral ized with a 50 :50 mixture of acetic acid/DMAc. The po lymer solution  

was poured i nto water i n  a blender to precipitate the polymer which was 

washed successively with water and methanol and subsequently st i rred i n  

boi l ing methano l .  Dry i ng i n  a ir  a t  1 oooc for  4 h afforded an off-white polymer 

i n  > 95% yield (ll inh = 0 .68 dUg,  CHCI3 at 25°C;  Tg = 223°C, DSC at 

20°C/mi n ) .  

The poly(amic acids) were prepared at a concentratio n  o f  1 5% sol ids 

(w/w) by the s low addit ion of a stoichiometric amount of the dianhydride to a 

mechan ical ly sti rred solution of the diamine i n  DMAc u nder a n itrogen 

atmosphere at room temperature .  Polymerizat ion solutions were sti rred 

overnight and inherent viscosities were subsequently determi ned. Po lymers 

are represented using the abbreviations  of the monomers used in  po lymer 

preparat ion .  

OPA/BTDA 

3,3' ,4 ,4'-Benzophenonetetracarboxylic acid d ianhydride (3.2223 g ,  

0 .0 1 00 mol)  was added to a mechan ically sti rred solution  o f  4 ,4'-oxydian i l i ne  

(2 .0024 g ,  0 .0 1 00 mo l )  i n  DMAc (32 .8  g)  u nder nitrogen .  The react ion was 

sti rred at room temperature (RT) overnight and the i nhere nt viscosity 

subsequently determ ined (llinh = 1 .59 dUg ,  DMAc at 25°C} . A polymer f i lm 

was cast and cured 1 h each at 1 00 ,  200 and 300°C and the polyimide Tg 

was determined (Tg = 278°C, D SC at 20°C/min ) .  
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BABB/BTQA 
3 ,3' ,4 ,4'-Benzophenonetetracarboxyl ic acid dianhydride ( 1 . 6 1 1 2  g ,  

0 .0050 mol)  was added t o  a mechanical ly sti rred solut ion o f  1 ,3-bis(4-

aminophenoxy-4'-benzoyl )benzene (2.5028 g, 0 .0050 mol)  i n  DMAc (23.2 g) 

u nder nitrogen .  The reaction, which became very v iscous in < 1 0  m in ,  was 

stirred overn ight at RT and the inherent v iscosity subsequently determined 

(Tl inh = 1 .32 dUg,  DMAc at 25°C}. A polymer f i lm was cast and cured 1 h each 

at 1 00 ,  200 and 300°C and the polyimide Tg and Tm were determi ned (Tg = 
222°C, Tm = 350°C, DSC at 20°C/min) .  

Blends 

FBB/BPN/ODNBTDA 

A blend of h igh mo lecular weight polymers was prepared by 

dissolv ing 1 . 1 3  g of FBB/BPA (Tg = 1 56°C, Tlinh = 0 .87 dUg,  CHCI3 at 25°C} i n  

DMAc (7.4 g ) .  A solution o f  1 . 1 3  g o f  ODNBTDA poly(amic acid) (Tlinh = 1 . 59 

dUg,  DMAc at 25°C} i n  D MAc (7.4 g) was then added to the previous solut ion 

with sti rri ng at RT. The solution became cloudy i mmediately and was sti rred 

overn ight .  A f i lm was cast from a thorough ly m ixed solut ion and cured 1 h 

each at 1 00 ,  200 and 300°C . The f i lm displayed two d ist inct phases, an 

essential ly c lear non-conti nuous phase and a yel low cont inuous phase. The 

cured blend Tg was determined on a sample representative of both phases of 

the fi lm (Tg = 1 55 and 278°C, DSC at 20°C/min) .  

FBB/BPAI/BABB/BTQA 
A blend of h igh molecu lar weight polymers was prepared by 

disso lvi ng 1 .3 g of FBB/BPA (Tg = 1 56°C, Tlinh = 0.75 dUg,  CHCI3 at 25°C} i n  

D MAc ( 1  0 .5  g) .  A solution o f  1 .3 g BABB/BTDA poly(amic acid) (Tlinh = 0.69 
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d Ug ,  DMAc at 25°C} i n  DMAc (3.7 g) was then added to the previous solut ion 

with sti rri ng at RT. A lmost i mmediately a precipitate appeared which was later 

identified as the FBB/BPA polymer. A fi lm  was cast from a thoroughly mixed 

solutio n  and cured 1 h each at 1 00 ,  200 and 300°C. The fi lm displayed two 

dist i nct p hases, one  essential ly clear non-continuous phase and the other  an 

o range-yel low conti nuous phase. The cured blend Tg and Tm were 

determ ined o n  a sample representative of both phases of the fi lm .  (Tg = 1 55 

and 220°C, Tm = 361 °C, DSC at 20°C/min ) .  

FBB/BPFUBABB/BTPA 

A blend of h igh molecu lar weight po lymers was prepared by 

d issolving 1 .3 g of FBB/BPF (Tg = 223°C, llinh = 0.95 dUg ,  CHCI3 at 25°C} i n  

DMAc ( 1  0 .5  g ) .  A solut ion o f  1 .3 g BABB/BTDA poly(amic acid) (llinh = 0.69 

dUg,  DMAc at 25°C} i n  DMAc (3.7 g) was then added to the previous solution  

with sti rri ng at RT. A f i lm  was cast and cu red 1 h each at 1 00, 200 and 300°C 

which displayed two disti nct phases, one  essential ly clear non-conti nuous 

phase and the other  an orange-yel low conti nuous phase. The cured blend 

Tg and Tm were dete rmined (Tg = 223°C, Tm = 362°C, DSC at 20°C/min ) .  I f  

the polymer solut ion was left standing longer than - 1 week, a precipitate 

appeared which was later identified as the FBB/BPF polymer. 

Oljgomers 

ATPAE (BPAl 31 10 

1 ,3-Bis(4-f luorobenzoyl)benzene (22.562 g ,  0 .0700 mo l ) ,  2 ,2-bis (4-

hydroxypheny l)propane ( 1 3.583 g ,  0.0595 mol ) ,  4-aminophenol  (2 .292 g ,  

0 .02 1 0  mol)  and pu lverized potassiu m  carbonate (21 .28 g ,  0 . 1 54 mol )  were 

dissolved i n  DMAc ( 1 1 5  m l )  and to luene (40 ml )  in a three-neck rou nd bottom 
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flask equipped with a mechanical stirrer, a n itrogen i n let with a thermometer 

and a Dean-Stark trap. The react ion was heated to - 1 50°C duri ng - 3 h and 

he ld at 1 50°C for 1 6  h .  The reaction was al lowed to cool to < 60°C and 

poured i nto water in a blender to form a tan precipitate . The precipitate was 

subsequently washed i n  water and washed in bo i l ing water. Dry ing in ai r at 

1 oooc afforded a l ight tan polymer i n  > 95% yield (ll inh = 0. 1 6  dUg ,  CHCI3 at 

25°C; Tg = 1 33°C, DSC at 20°C/min ) .  

ATPAE IBPA\ 6545 

1 ,3-Bis(4-f luorobenzoyl)benzene (32.232 g ,  0 . 1 000 mol ) ,  2 , 2-bis(4-

hydroxyphenyl)propane (21 . 1 1 7  g, 0.0925 mol ) ,  4-aminophenol  (1 .637 g ,  

0 .01 50 mol )  and pulverized potassi um carbonate (30 .4  g ,  0.22 mol )  were 

disso lved i n  DMAc ( 1 50 m l )  and toluene (40 ml )  i n  a three-necked round 

bottom flask equipped with a mechanical sti rrer, a n itrogen in let with a 

thermometer and a Dean-Stark trap. The react ion was heated to - 1 55°C 

duri ng - 3 h and held at 1 55°C for 1 6  h. The react ion was al lowed to cool to < 

60°C and poured i nto water i n  a blender to form a l ight tan precipitate. The 

precipitate was subsequent ly washed in  water and washed in  bo i l ing water. 

Dryi ng in ai r at 1 oooc afforded a l ight tan polymer in > 95% yield (ll inh = 0.29 

dUg ,  CHCI3 at 25°C ; Tg = 1 46°C, DSC at 20°C/min ) .  

ATPAE (BPE\ 3110 

1 , 3-Bis(4-f luorobenzoyl)benzene (25.785 g, 0 .0800 mol ) ,  9 , 9-bis(4-

hydroxypheny l)f luorene (22.867 g ,  0 .06526 mol ) ,  4-aminophenol  (3.2 1 8 g,  

0 .02949 mol)  and pu lverized potassi um carbonate (24.0 g,  0 . 1 76 mol)  were 

disso lved i n  DMAc ( 1 50 ml )  and toluene (40 ml )  i n  a three-neck round bottom 

f lask equipped with a mechanical sti rrer, a n itrogen in let with a thermometer 
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and a Dean-Stark trap. The reaction was heated to - 1 55°C during - 3 h and 

he ld at 1 55°C for 1 6  h .  The reaction was pou red into water in a blender to 

form a l ight tan precipitate. The precipitate was subsequently washed i n  

water and washed in  boi l ing water. D rying in  air a t  1 oooc afforded a l ight tan 

po lymer in > 95% yie ld (T\inh = 0. 1 6  dUg ,  CHCI3 at 25°C; T\inh = 0 . 1 8 dUg ,  

DMAc at 25°C ; Tg = 1 93°C, DSC at 20°C/min) .  

ATPAE (BPF) 6545 
1 ,3-Bis(4-f luorobenzoyl)benzene (25.785 g ,  0.0800 mol ) ,  9 ,9-bis(4-

hydroxyphenyl )f luorene (25.244 g, 0.07206 mol ) ,  4-aminophenol  ( 1 .7325 g ,  

0 .01 588 mol )  and pulverized potassiu m  carbonate (24.0 g ,  0 . 1 76 mol )  were 

d issolved i n  DMAc ( 1 50 ml )  and to luene (45 ml )  i n  a th ree-necked flask 

equipped with a mechanical sti rrer, a n it rogen in let with a thermometer and a 

Dean-Stark t rap. The react ion was heated to - 1 55°C during - 3 h and he ld 

at 1 55°C for 1 6  h .  The react ion was poured i nto water i n  a blender to form a 

l ight tan precipitate.  The precipitate was subsequently washed in  water and 

washed in  boi l ing water. Dry ing in air  at 1 oooc afforded a l ight tan polymer  in  

> 95% y ie ld (T\inh = 0.29 dUg ,  CHCI3 at  25°C ; T\inh = 0.30 dUg,  DMAc at  25°C ; 

Tg = 207°C, DSC at 25°C}. 

Polymerizations of ATPAE Oligomers 

Amine-terminated poly(ary lene ethers) were prepared at calcu lated 

number average mo lecular weights (Mns) of 31 1 0  and 6545 g/mole.  As a 

verificat ion that the actual Mn is essential ly the same as the calcu lated Mn,  

the ATPAEs were reacted with a stoichiometric amount of BTDA, based on  

calcu lated M ns. A sign ificant i ncrease in  T\ inh and Tg is  an i ndication that the 

calcu lated M ns are essential ly correct. 
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ATPAE (SPA) 311 0/STDA 

ATPAE (SPA) 31 1 0  (6.220 g ,  0 .00200 mol)  was dissolved in  DMAc 

(28 g) in a three-neck rou nd bottom flask equipped with a mechanical  sti rrer, 

a n itrogen i n let and a n itrogen outlet. STDA (0.6445 g, 0.00200 mol) was 

added al l  at once and the react ion was sti rred for 6 h at RT to produce a clear, 

viscous, reddish-orange solution (Tlinh = 0.79 dUg DMAc at 20°C/min ) .  A 

polymer f i lm was cast and cured 1 h each at 1 00, 200 and 300°C and the 

poly imide Tg was determined (Tg = 1 65°C, DSC at 20°C/min ) .  

ATPAE (SPA) 654�STPA 

ATPAE (SPA) 6545 (6 .5450 g ,  0.00 1 00 mol)  was d issolved i n  D MAc 

(34 g )  in a three-neck round bottom flask equipped with a mechanical sti rrer, 

a n itrogen in let and a n itrogen outlet. STDA (0.322 g, 0 .00 1 00 mol )  was 

added al l  at once and the reaction was stirred for 6 h at RT to produce a clear, 

v iscous, reddish-orange solution (Tl inh = 1 . 1 0  dUg ,  DMAc at 25°C}. A polymer 

f i lm was cast and cured 1 h each at 1 00, 200 and 300°C and the po ly imide Tg 

was dete rmi ned (Tg = 1 62°C , DSC at 20°C/min ) .  

ATPAE (SPF) 31 1 0/STDA 
ATPAE (SPF) 31 1 0  (3. 1 1 0 g ,  0.001 00 mol)  was dissolved in  DMAc 

(22.8 g) i n  a three-neck round bottom flask equipped with a mechanical 

sti rrer, a nitrogen i n let and a nitrogen outlet. STDA (0.3222 g, 0 .001 00 mol)  

was added al l  at once and the react ion ge l led with in - 5 min .  After stirri ng 

overn ight at RT and di luting with DMAc (3 g ) ,  the gel l  dissipated to form a 

clear, v iscous, reddish-orange solut ion (Tlinh = 1 . 1 6  dUg ,  DMAc @ 25°C}. A 

polymer f i lm was cast and cured 1 h each at 1 00, 200 and 300°C and the 

polyimide Tg was determined (Tg = 226°C, DSC at 20°C/min ) .  
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ATPAE (BPf) 6545/BTPA 

ATPAE (BPE) 6545 (3.2725 g ,  0.00050 mol)  was d issolved i n  DMAc 

(22.4 g) in a three-neck round bottom flask equipped with a mechanical 

stirrer, a nitrogen in let and a nitrogen outlet. BTDA (0. 1 6 1 1 g, 0 .00050 mol)  

was added al l  at once and the react ion was stirred for 6 h at RT to p roduce a 

clear, v iscous,  reddish-orange solut ion (TJinh = 1 .40 dUg ,  DMAc at 25°C} .  A 

polymer fi lm was cast and cured 1 h each at 1 00, 200 and 300°C and the 

poly imide Tg was determined (Tg = 227°C, DSC at 20°C/min ) .  

Block Copolymers 

Anhydride terminated polyamic acids were prepared at 1 5% sol ids in  

DMAc, N MP or  m-cresol by adding BTDA to the amine solut ion sti rred u nder 

n itrogen .  Molecu lar weight was contro l led by offsett ing monomer 

stoich iometry i n  favor of the dianhydride. These react ions were sti rred fo r 3 h 

to fo rm clear, moderately viscous solut ions. A solut ion of the appropriate 

ATPAE in  the same solvent as the poly(amic) acid was then added and 

sti rr ing u nder n itrogen was conti nued for 3 - 24 h depending on whether or  

not the polymer had ge l led. On rare occasions, heating to - 70°C was 

requ i red to dissipate th is  ge l .  

ATPAE (BPA) 31 1 0//0PNBTPA 311 0 

BTDA (2.2556 g ,  0 .00700 mol)  was added to a solut ion of ODA 

( 1 . 1 844 g, 0 .00591 5 mol) i n  DMAc ( 1 7.2 g) .  The mixture was sti rred at RT 

u nder N2 for 3 h to form a clear solution .  A solution  of ATPAE (BPA) 31 1 0  

(3.3744 g ,  0.00 1 09 mol)  i n  DMAc ( 1 7.2 g )  was added to the polyamic acid 

solut ion prepared above to form a cloudy, viscous solut ion which was sti rred 

fo r 4 h at RT. Di lution with DMAc to 0 .5% concentrat ion produced a clear 
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so lut ion (ll inh = 0.46 dUg ,  DMAc at 25°C}. A po lymer f i lm was cast and cured 

1 h each at 1 00 ,  200 and 300°C and the polyimide Tg was dete rmined (Tg = 
1 68°C, DSC at 20°C/min ) .  

ATPAE (BPA) 311 OUOPNBTOA 6545 
BTDA (3.2223 g ,  0 .0 1 00 mol) was added to a solution of ODA 

( 1 .8490 g,  0.009234 mol) i n  DMAc (25.4 g ) .  The mixture was stirred at RT 

u nder N2 for 3 h to form a clear solution .  A solution of ATPAE (BPA) 31 1 0  

(2.3823 g ,  0 .000766 mol)  i n  DMAc ( 1 1 .9 g )  was added to the polyamic acid 

solut ion prepared above to form a cloudy, viscous solut ion which was sti rred 

for 4 h at RT. Di lut ion with DMAc to 0 .5% concentration produced a clear 

solut ion (ll inh = 0.50 dUg ,  DMAc at 25°C} . A po lymer fi lm was cast and cured 

1 h each at 1 00, 200 and 300°C and the polyimide Tg was determined (Tg = 
1 67 and 265°C, DSC at 20°C/min ) .  

ATPAE (BPA) 6545UOPNBTOA 31 10 

BTDA ( 1 .61 1 2  g ,  0 .00500 mol )  was added to a solut ion of ODA 

(0.8460 g ,  0.004225 mol) i n  DMAc ( 1 3.9 g) .  The mixture was sti rred at RT 

u nder N2 for 3 h to form a clear solution .  A solut ion of ATPAE (BPA) 6545 

(5.0724 g, 0 .000775 mol)  in DMAc (28.7 g) was added to the polyamic acid 

solut ion  prepared above to form a cloudy, moderate ly v iscous so lut ion which 

was sti rred for 4 h at RT. D i lut ion with DMAc to 0 .5% concentrat ion produced 

a clear solut ion (ll inh = 0.38 dUg ,  DMAc at 25°C}. A polymer f i lm was cast 

and cu red 1 h each at 1 00, 200 and 300°C and the polyim ide Tg was 

determined (Tg = 1 64°C, DSC at 20°C/min ) .  
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ATPAE (BPA) 6545UOPNBTPA 6545 

BTDA (2.2556 g ,  0.00700 mol)  was added to a solution of ODA 

( 1 .2943 g, 0 .006464 mol)  i n  DMAc ( 1 7.7 g) .  The mixture was stirred at RT 

u nder N2 for 3 h to form a clear solution .  A solution of ATPAE (BPA) 6545 

(3.5094 g ,  0 .000536 mol) i n  D MAc ( 1 7.5 g )  was added to the polyamic acid 

solut ion prepared above to form a cloudy, moderately v iscous solut ion which 

was stirred for 4 h at RT. D i lut ion with D MAc to 0 .5% concentrat ion produced 

a clear solut ion (0 .37 dUg ,  DMAc at 25°C). A po lymer fi lm was cast and 

cured 1 h each at 1 00 ,  200 and 300°C and the po lyimide Tg was determ ined 

(Tg = 1 71 and 265°C, DSC at 20°C/min ) .  

ATPAE lBPA) 6545UOPNBTPA 6545 

BTDA (2.2556 g ,  0 .00700 mol )  was added to a solut ion of ODA 

( 1 .2943 g, 0.006464 mol) i n  DMAc ( 1 7.7 g) .  The mixture was stirred at RT 

u nder N2 for 3 h to form a clear solution.  A solution  of ATPAE (BPA) 6545 

(3.5499 g ,  0 .000542 mol)  in DMAc ( 1 7.7 g) was added to the polyamic acid 

solut ion prepared above to form a cloudy, very viscous solut ion which was 

sti rred for 4 h at RT. D i lut ion with DMAc to 0 .5% concentration produced a 

clear solut ion (T\inh = 1 .37 dUg ,  DMAc at 25°C) . A polymer f i lm was cast and 

cured 1 h each at 1 00,  200 and 300°C and the polyimide Tg was determ i ned 

(Tg = 1 71 and 265°C, DSC at 20°C/min ) .  

ATPAE (BPA) 6545 + [OPA t BTPA (6545)] segmented 

BTDA (0.9667 g ,  0 .00300 mol)  was added to a solut ion of ATPAE 

(BPA) 6545 ( 1 . 52 1 4 g, 0 .0002325 mol)  and ODA (0.5547 g, 0 .00277 mol)  i n  

DMAc ( 1 7.2 g ) .  The mixtu re was stirred at RT u nder N2 for 2 h t o  form a 

cloudy, viscous solut ion. Di lution with DMAc to 0 .5% concentration produced 
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a clear solut ion (0.97 dUg ,  DMAc at 25°C). A polymer fi lm was cast and 

cured 1 h each at 1 00 ,  200 and 300°C and the polyimide Tg was determi ned 

(Tg = 1 68 and 265°C, DSC at 20°C/min) .  

ATPAE (BPA) 31 1 OUBABB/BTOA 31 1 0 

BTDA ( 1 . 1 278 g ,  0.003500 mol )  was added to a solut ion of BABB 

( 1 .33 1 5 g, 0.00266 mol) i n  D MAc ( 1 3.9 g). The mixture was stirred at RT 

u nder N2 for 3 h to form a clear so lut ion. A solution of ATPAE (BPA) 31 1 0  

(2.4593 g ,  0.000791 mol)  i n  DMAc ( 1 3.9 g )  was added to the polyamic acid 

so lut ion prepared above and the reaction was sti rred for 1 6  h at RT to 

produce a clear, reddish-orange solut ion (TJ inh = 0.63 dUg ,  DMAc at 25°C) . A 

polymer fi lm was cast and cured 1 h each at 1 00, 200 and 300°C and the 

polyim ide Tg and Tm were determined (Tg = 1 75°C, Tm = 354°C, DSC at 

20°C/m in ) .  

ATPAE (BPA) 31 1 0//BABB/BTOA 3110 (NMP) 

BTDA (0.8700 g ,  0 .002700 mol)  was added to a solut ion of BABB 

( 1 .0272 g, 0 .002052 mol) i n  NMP (1 0.8 g). The mixture was sti rred at RT 

u nder N2 for 2 h to form a clear so lut ion. A so lut ion of ATPAE (BPA) 31 1 0  

( 1 . 8972 g ,  0 .00061 0  mol)  i n  N MP ( 1  0 .8 g )  was added to the polyamic acid 

solut ion prepared above and the reaction was stirred for 4 h at RT to produce 

a clear, reddish-orange solution (TJinh = 0.90 dUg ,  NMP at 25°C). A polymer 

fi lm was cast and cured 1 h each at 1 00 ,  200 and 300°C and the po lyi mide Tg 

and Tm were determined (Tg = 1 75°C, Tm = 338 and 352°C, DSC at 

20°C/min ) .  
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ATPAE (BPAl 31 1 0//BABB/BTOA 3110 (m-cresol) 

BTDA ( 1 . 1 278 g ,  0.003500 mol}  was added to a solut ion of BABB 

( 1 .331 5 g, 0 .00266 mol) i n  m-cresol ( 1 3.9  g). The mixture was sti rred at RT 

u nder N2 for 2 h to form a clear orange solution.  A solution of ATPAE (BPA) 

31 1 0  (2 .4593 g, 0 .000791 mol) in m-cresol was added to the polyamic acid 

solut ion prepared above and the reaction was stirred for 4 h at RT to produce 

a clear reddish solut ion (Tlinh = 0.54 dUg ,  m-cresol at 25°C}.  A po lymer f i lm 

was cast and cured 1 h each at 1 00, 200 and 300°C and the poly imide Tg 

and Tm were determi ned (Tg = 1 78°C, Tm = 335 and 352°C, DSC at 

20°C/m in ) .  

ATPAE (BPAl 31 1 OUBABB/BTOA 6545 

BTDA (0.9667 g ,  0.00300 mol}  was added to a solut ion of BABB 

( 1 .3245 g, 0 .002646 mol) i n  DMAc ( 1 3.0 g). The m ixture was sti rred at RT 

u nder N2 fo r 2 h to form a clear so lut ion. A so lut ion of ATPAE (BPA) 31 1 0  

( 1 .0887 g ,  0 .0003501 mol }  i n  DMAc (6.2 g )  was added to the polyamic acid 

solut ion prepared above and the react ion was sti rred for 4 h at RT to produce 

a clear, reddish-orange solut ion (Tlinh = 0.87 dUg ,  DMAc at 25°C} .  A polymer 

fi lm was cast and cured 1 h each at 1 00 ,  200 and 300°C and the polyimide Tg 

and Tm were dete rmined (Tg = 1 70°C, Tm = 354°C,  DSC at 20°C/min) .  

ATPAE (BPAl 311 OUBABB/BTOA 6545 (N MPl 

BTDA (0.9667 g ,  0.00300 mol)  was added to a solut ion of BABB 

( 1 .3245 g, 0 .002646 mol} i n  NMP ( 1 3.0 g). The mixture was sti rred at RT 

u nder N2 for 2 h to form a clear so lut ion .  A solut ion of ATPAE (BPA) 31 1 0  

( 1 .0887 g ,  0 .0003501 mol }  i n  N MP (6.2 g )  was added to the polyamic acid 

solution prepared above and the react ion was sti rred for 4 h at RT to produce 
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a very viscous, gel- l ike solution .  Sti rri ng an addit ional 20 h produced a 

viscous, clear, reddish-orange solut ion (llinh = 1 .  73 dUg ,  NMP at 25°C}. A 

po lymer fi lm was cast and cured 1 h each at 1 00, 200 and 300°C and the 

polyimide Tm was determined (Tg = not detected, Tm = 358°C, DSC at 

20°C/min ) .  

ATPAE (BPAl 6545UBABB/BTOA 31 1 0 

BTDA ( 1 . 1 278 g ,  0.003500 mol )  was added to a solut ion  of BABB 

( 1 .331 5 g, 0 .00266 mol) i n  DMAc ( 1 3.9 g ) .  The mixture was sti rred at RT 

under N2 for 2 h to form a clear so lut ion. A solution of ATPAE (BPA) 6545 

(5. 1 756 g, 0 .00079 1 mol)  i n  DMAc (29 .3 g) was added to the polyamic acid 

solut ion prepared above and the react ion was sti rred 4 h at RT to produce a 

cloudy, viscous solut ion .  D i lut ion with D MAc to 0 .5% concentration produced 

a clear so lut ion (llinh = 0 .81  dUg,  DMAc at 25°C}. A polymer f i lm was cast 

and cu red 1 h each at 1 00 ,  200 and 300°C and the po lyimide Tg and Tm 

were dete rmined (Tg = 1 68°C, Tm = 353°C, DSC at 20°C/min) .  

ATPAE (BPAl 6545UBABB/BTOA 31 1 0  (N MPl 

BTDA (0.6445 g ,  0 .00200 mol)  was added to a so lut ion of BABB 

(0.7609 g, 0 .00 1 52 mol) i n  NMP (8.0 g). The mixture was sti rred at RT u nder 

N2 for 2 h to form a clear solution.  A solution of ATPAE (BPA) 6545 (2.9577 g ,  

0 .000452 mo l )  i n  NMP ( 1 6 .8 g )  was added to t he  poly(amic acid) so lut ion 

prepared above and the react ion was sti rred 4 h at RT to produce a clear, 

v iscous solut ion (ll inh = 1 .0 dUg,  NMP at 25°C}. A po lymer fi lm was cast and 

cu red 1 h each at 1 00 ,  200 and 300°C and the polyimide Tg and Tm were 

determined (Tg = 1 68°C, Tm = 335 and 352°C, DSC at 20°C/min ) .  
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ATPAE (SPA) 6545UBABB/BTPA 6545 
BTDA ( 1 . 1 278 g ,  0.003500 mol)  was added to a solution of BABB 

( 1 . 5452 g, 0.003087 mol) i n  DMAc ( 1 5.2 g). The mixture was sti rred at RT 

u nder N2 for 2 h to form a clear so lut ion .  A solution of ATPAE (BPA) 6545 

(2.6730 g, 0.0004084 mol)  in DMAc ( 1 5.2 g) was added to the polyamic acid 

solut ion prepared above and the reaction formed a transparent ge l  with in  -

1 0  min .  Sti rring 1 6  h at RT produced a clear orange solution (Tlinh = 0 .89 

dUg,  DMAc at 25°C} . A polymer fi lm was cast and cured 1 h each at 1 00, 200 

and 300°C and the polyimide Tg and Tm were determined (Tg = 1 65°C, Tm = 
335 and 350°C, DSC at 20°C/min ) .  

ATPAE (BPA) 6545//BABB/BTPA 6545 (N MP) 

BTDA (0.9667 g ,  0.00300 mol)  was added to a solut ion of BABB 

( 1 .3245 g ,  0 .002646 mol) i n  NMP ( 1 3.0 g). The mixture was sti rred at RT 

u nder N2 for 2 h to form a c lear orange solution .  A solution of ATPAE (BPA) 

6545 (2.29 1 2 g, 0 .000350 mol) in NMP ( 1 3.0 g) was added to the polyamic 

acid solution prepared above and the react ion was sti rred 4 h at RT to 

produce a clear orange, viscous so lut ion (Tl inh = 1 .03 dUg ,  NMP at 25°C}.  A 

po lymer f i lm was cast and cured 1 h each at 1 00, 200 and 300°C and the 

poly imide Tg and Tm were determined (Tg = 1 64 and 220°C, Tm = 343 and 

355°C, DSC at 20°C/min ) .  

ATPAE (BPA) 6545UBABB/BTPA 6545 (m-cresol) 

BTDA (0.0667 g ,  0 .00300 mol}  was added to a solution  of BABB 

( 1 .3245 g, 0 .002646 mol) i n  m-creso l ( 1 3.0 g). The mixture was sti rred at RT 

u nder N2 for 2 h to form a clear orange solut ion .  A so lut ion of ATPAE (BPA) 

6545 (2.29 1 2 g ,  0.000350 mol) in m-cresol (1 3.0 g)  was added to the 
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polyamic acid solution prepared above and the reaction was sti rred 4 h at RT 

to form a clear reddish solution (TJinh = 0.63 dUg ,  m-cresol at 25°C} .  A 

polymer f i lm was cast and cu red 1 h each at 1 00, 200 and 300°C and the 

poly imide Tg and Tm were determ ined (Tg = 1 68°C, Tm = 343 and 357°C, 

DSC at 25°C/min) .  

ATPAE (BPF) 31 10UBABB/BTDA 31 10 

BTDA ( 1 . 1 278 g ,  0 .003500 mol)  was added to  a solut ion o f  BABB 

( 1 .331 5 g, 0 .002660 mol)  in DMAc ( 1 3.9 g). The mixture was sti rred at RT 

u nder N2 for 2 h to form a clear orange solution .  A solut ion of ATPAE (BPF) 

31 1 0  (2.4593 g ,  0 .00079 1 mol )  i n  DMAc ( 1 3.9 g )  was added to the polyamic 

acid solut ion prepared above and the reaction was sti rred 4 h at RT to form a 

clear reddish-orange solution (T\inh = 1 .02 dUg ,  DMAc at 25°C}. A po lymer 

f i lm was cast and cured 1 h each at 1 00, 200 and 300°C and the polyimide Tg 

and Tm were determined (Tg = 228°C, Tm = 335 and 352°C, DSC at 

20°C/min ) .  

ATPAE (BPF) 31 1 OUBABB/BTDA 31 1 0  (N MP) 

BTDA (0.9667 g ,  0.00300 mol)  was added to a so lution  of BABB 

( 1 . 1 4 1 3  g, 0 .002280 m) i n  NMP ( 1 2.0 g) .  The m ixtu re was stirred at RT u nder 

N2 for 2 h to form a clear o range solution .  A solut ion of ATPAE (BPF) 31 1 0  

(2 . 1  08 g ,  0.000678 mol )  i n  NMP ( 1 2.0 g )  was added to the polyamic acid 

solut ion prepared above and the reaction formed a ge l  with in  - 1 0 m in .  

Sti rring 1 6  h at  RT produced a clear orange solut ion (TJinh 0.82 dUg ,  NMP at 

25°C} .  A polymer fi lm was cast and cured 1 h each at 1 00 ,  200 and 300°C 

and the polyimide Tg and Tm were determined (Tg = 227°C, Tm = 331 and 

350°C, DSC at 20°C/min) .  
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ATPAE (BPf) 311 OUBABB/BTPA 3110 (m-creso!) 
BTDA ( 1 . 1 278 g ,  0 .003500 mol)  was added to a solution of BABB 

( 1 .331 5 g, 0 .002660 mol)  in m-creso l ( 1 3.9 g ) .  The mixture was stirred at RT 

u nder N2 for 5 h to form a clear o range solution .  A solution  of ATPAE (BPE) 

31 1 0  (2.4593, 0.00791 mol )  i n  m-cresol ( 1 3.9 g )  was added to the polyamic 

acid solut ion prepared above and the reaction was sti rred 1 6  h at RT to form a 

clear reddish solution  (llinh  = 0.61 dUg,  m-cresol at 25°C}. A polymer f i lm was 

cast and cured 1 h each at 1 00, 200 and 300°C and the polyimide Tg and Tm 

were determined (Tg = 228°C, Tm = 332 and 360°C, DSC at 20°C/min ) .  

ATPAE (BPE) 31 1 OUBABB/BTDA 6545 

BTDA ( 1 . 1 278 g ,  0.003500 mol )  was added to a solut ion of BABB 

( 1 . 5452 g, 0.003087 mol) i n  DMAc ( 1 5 .2 g). The mixture was stirred at RT 

u nder N2 for 2 h to form a clear orange so lution .  A solution  of ATPAE (BPE) 

31 1 0  ( 1 .2701 g ,  0.0004084 mol)  i n  DMAc (7.2 g )  was added to the polyamic 

acid solut ion prepared above and the react ion became cloudy immediately. 

Sti rri ng 1 6  h at RT produced an essential ly c lear, viscous reddish-orange 

so lut ion (llinh = 1 .08 dUg ,  DMAc at 25°C}. A polymer fi lm was cast and cu red 

1 h each at 1 00, 200 and 300°C and the polyimide Tg and Tm were 

determi ned (Tg = 228°C, Tm = 337 and 352°C, DSC at 20°C/min ) .  

ATPAE (BPE) 31 1 OUBABB/BTPA 6545 (N MP) 

BTDA (0.9667 g ,  0.00300 mol )  was added to a solut ion of BABB 

( 1 .3245 g, 0 .002646 mol)  in NMP ( 1 3.0 g). The mixture was stirred for at RT 

u nder N2 for 2 h to form a clear orange so lution .  A solution of ATPAE (BPE) 

31 1 0  ( 1 .0887 g ,  0.0003501 mol )  i n  N MP (6.2 g )  was added to the polyamic 

acid so lut ion prepared above and the react ion formed a gel with in  - 1 0  m in .  
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Sti rring at RT for 84 h produced a clear, viscous, reddish orange so lution (Tlinh 

= 0.75 d Ug,  NMP at 25°C) .  A polymer fi lm was cast and cu red 1 h each at 

1 00,  200 and 300°C and the polyimide Tg and Tm were determined (Tg = 

227°C, Tm = 332 and 352°C, DSC at 20°C/min ) .  

ATPAE (BPF) 31 1 0//BABB/BTPA 6545 (m-cresol) 

BTDA ( 1 . 1 278 g ,  0.003500 mol)  was added to a solution  of BABB 

( 1 .5453 g, 0 .003087 mol) i n  m-cresol ( 1 5.2 g). The mixture was sti rred at RT 

under N2 for 3 h to form a clear o range solution .  A solution of ATPAE (BPF) 

31 1 0  ( 1 . 2701 g ,  0 .0004084 mol)  i n  m-creso l (7.2 g )  was added to t he 

polyamic acid solut ion prepared above and the reaction was sti rred at RT to 

1 8  h to produce a clear, viscous, reddish-orange solution (Tlinh = 0.56 dUg ,  m

cresol at 25°C) .  A polymer fi lm was cast and cured 1 h at 1 00,  200 and 300°C 

and the polyimide Tg and Tm were determined (Tg = 225°C, Tm = 330 and 

350°C, DSC at 20°C/min ) .  

ATPAE (BPF) 6545//BABB/BTPA 31 10 

BTDA (0.9667 g ,  0.00300 mol )  was added to a so lution  of BABB 

( 1 . 1 4 1 3  g ,  0 .00228 mol)  i n  DMAc (1 2 .0  g ) .  The mixture was stirred at RT 

under N2 for 3 h to form a clear orange solution .  A solution of ATPAE (BPF) 

6545 (4.4363 g ,  0 .0006778 mol )  i n  DMAc (25 . 1  g )  was added to the polyamic 

acid solut ion prepared above and the react ion formed a gel withi n - 1 0  m in .  

Sti rri ng at 80°C for 6 h periods on consecutive days produced a clear reddish 

o range solution (Tlinh = 0.47 dUg,  DMAc at 25°C) .  A polymer fi lm was cast 

and cured 1 h each at 1 00, 200 and 300°C and the polyimide Tg and Tm 

were determ ined (Tg = 227°C,  Tm = 345°C, DSC at 20°C/min ) .  
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ATPAE (BPF) 6545UBABB/BTPA 3110 (NMP) 

BTDA (0.6445 g ,  0 .00200 mol)  was added to a so lution  of BABB 

(0.7608 g, 0 .00 1 52 mol) i n  NMP (7.7 g). The mixture was sti rred at RT under 

N2 for 3 h to form a clear orange solution .  A solution of ATPAE (BPF) 6545 

(2.9575 g, 0.000452 mol) i n  N MP ( 1 6 .8 g)  was added to the polyamic acid 

solution  prepared above and the reaction formed a ge l  with in  - 1 0 m in .  

Sti rring at RT for - 72 h produced a clear, viscous, reddish-orange solut ion 

(Tiinh = 1 .04 dUg,  NMP at 25°C). A polymer f i lm was cast and cured 1 h each 

at 1 00,  200 and 300°C and the polyimide Tg and Tm were determined (Tg = 

228°C, Tm = 340 and 352°C, DSC at 20°C/min ) .  

ATPAE (BPF) 6545//BABB/BTPA 31 1  0 (m-cresol) 

BTDA (0.9667 g ,  0 .00300 mol )  was added to a solution  of BABB 

( 1 . 1 4 1 3  g, 0.00228 mol)  i n  m-cresol ( 1 2.0 g) .  The mixture was sti rred at RT 

under N2 for 3 h to form a clear orange solut ion.  A solution of ATPAE (BPF) 

6545 (4.4363 g ,  0 .0006778 mol)  i n  m-creso l (25 . 1  g )  was added to the 

polyamic acid solution  prepared above and the reaction formed a ge l  with i n  -

1 0  m in .  Sti rring at 50°C for 0 .5 h produced a clear, reddish-orange solut ion 

(Ti inh = 0.61 dUg, m-cresol at 25°C) .  A polymer fi l m  was cast and cured 1 h 

each at 1 00,  200 and 300°C and the polyimide Tg and Tm were determined 

(Tg = 228, Tm = 338 and 370°C, DSC at 20°C m in ) .  

ATPAE (BPF) 6545UBABB/BTPA 6545 

BTDA (0.9667 g ,  0 .00300 mol )  was added to a so lution  of BABB 

( 1 .3245 g, 0 .002646 mol) i n  DMAc (1 3.0 g). The mixture was sti rred at RT 

under N2 for 3 h to form a clear orange solution .  A solution of ATPAE (BPF) 

6545 (2.291 2 g ,  0 .000350 mol) i n  DMAc ( 1 3 .0 g) was added to the polyamic 
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acid solut ion prepared above and the react ion formed a ge l  with in  - 1 0  m in .  

Sti rring at 1 05°C for 2 h produced a clear reddish-orange solution (ll inh = 0 .35 

dUg,  DMAc at 25°C). A polymer fi lm was cast and cured 1 h each at 1 00,  200 

and 300°C and the po lyimide Tg and Tm were determined (Tg = 228°C, Tm = 
353°C, DSC at 20°C/min ) .  

ATPAE (BPE) 6545UBABB/BTOA 6545 (NMP) 

BTDA (0.9667 g ,  0 .00300 mol)  was added to a solution  of BABB 

( 1 .3245 g, 0 .002646 mol) in DMAc ( 1 3.0 g) .  The mixtu re was stirred at RT 

under N2 for 3 h to form a clear orange solution .  A solution of ATPAE (BPE) 

6545 (2.29 1 2  g ,  0 .000350 mol) i n  DMAc ( 1 3.0 g )  was added to the polyamic 

acid solution prepared above and the react ion formed a gel  with in  - 1 0  m in .  

Sti rri ng at 1 oooc for 4 h produced a clear, reddish-orange so lut ion (ll inh = 

0 .96 dUg ,  NMP at 25°C). A polymer f i lm was cast and cured 1 h each at 1 00, 

200 and 300°C and the po lyi mide Tg and Tm were determined (Tg = 228°C, 

Tm = 347 and 357°C, DSC at 20°C/min ) .  

ATPAE (BPE) 6545//BABB/BTDA 6545 (m-cresol) 

BTDA ( 1 . 1 278 g ,  0 .003500 mol) was added to a soluti on of BABB 

( 1 .5452 g, 0 .003087 mol) i n  m-cresol ( 1 5 .2 g). The mixture was sti rred at RT 

u nder N2 for 3 h to form a clear orange solut ion.  A solution of ATPAE (BPE) 

6545 (2.6730 g ,  0 .00041 0 mol)  i n  m-creso l ( 1 5.2 g )  was added to the 

polyamic acid solution prepared above and the reaction was sti rred at RT for 

48 h to produce a clear, viscous, reddish-orange solut ion (llinh = 0 .  72 dUg,  m

cresol at 25°C). A polymer fi lm was cast and cured 1 h each at 1 00 ,  200 and 

300°C and the polyimide Tg and Tm were determined (Tg = 232°C, Tm 

=355°C,  DSC at 20°C/min ) .  
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Controlled Molecular Weight Copolymers 

PI/PAE/PI (31 1 0) 
A copo lymer was prepared with the Mn contro l led to - 9300 g/mole 

by react ing a 2:1 ratio of BABB/BTDA (31 1 0 )  with ATPAE (BPF) 31 1 0  to 

produce a P I/PAE/PI b lock copolymer. Thus, BTDA (5. 1 557 g, 0 .01 600 mol )  

was added to a solut ion  of BABB (6.0868 g ,  0 .01 21 6 mol)  i n  NMP (45.0 g) .  

The m ixture was stirred at RT u nder N2 for 3 h to form a clear solution .  A 

solution of ATPAE (BPF) 31 1 0  (5.621 3 g ,  0.001 8 1  mol)  i n  NMP (22.5  g )  was 

added to the poly(amic acid) solution prepared above to form a clear so lution 

which was sti rred for 2 h at RT (ll inh = 0.46 dUg ,  NMP at 25°C} .  This solution 

was used to prepare scrim cloth  fo r adhesive samples. 

PI/PAE/PI (31 1 0) Sl 
A copo lymer was prepared with the M n contro l led to - 9300 g/mole 

as before to produce a P I/PAE/PI block copo lymer which was so lut ion 

imidized (S I ) .  Thus BTDA (5 . 1 557 g ,  0 .0 1 600 mol)  was added to a solut ion of 

BABB (6 .0868 g, 0 .01 2 1 6 mol) in DMAc (63.7 g). The mixture was sti rred at 

RT under N2 for 3 h to form a clear so lut ion.  A so lution of ATPAE (BPF) 31 1 0  

(5 .621 3 g ,  0 .00 1 8 1 0  mol)  i n  DMAc (31 .9 g) was added to the po ly(amic acid) 

solut ion prepared above to form a clear solut ion which was sti rred for 2 h at 

RT. The copo lymer was then solut ion imidized by adding toluene (40 ml) then 

disti l l i ng a water/to luene azeotropic mixture from the react ion wh i le heating to 

1 55°C and ho ld ing at  temperature for 16 h .  The yel low precipitate which 

formed was washed with water, methanol and boi l ing methanol  fol lowed by 

d ry ing i n  air  at 1 oooc overnight. The copolymer Tg and Tm were determined 

on the powder (Tg = 220°C, Tm = 363°C, DSC at 20°C/min) .  This powder 

was used to make a molding to measure fracture toughness of the copo lymer. 
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PAE/PIIPAE (311 0) 

A copo lymer was prepared with the Mn contro l led to - 9300 g/mole 

by reacting a 2 : 1  rat io of ATPAE (BPF) 3 1 1 0  with BABB/BTDA (3 1 1 0) to 

produce a PAE/PI/PAE b lock copo lymer. Thus, BTDA (2.5779 g ,  0 .00800 

mol )  was added to a solut ion of BABB (3.0434 g, 0 .00608 mol)  in NMP (22 .5  

g ) .  The  mixture was sti rred at RT under N2 for 3 h to form a clear solution .  A 

solut ion of ATPAE (BPF) 31 1 0  ( 1 1 .2426 g, 0 .00362 mol )  i n  NMP (45.0 g )  was 

added to the poly(amic acid) so lut ion prepared above to form a clear solut ion 

which was sti rred for 3 h at RT (T\inh = 0.45 dUg ,  NMP at 25°C) .  This solut ion 

was used to prepare scrim cloth for adhesive samples. 

PAE/PI/PAE (31 1 0) Sl 

A copo lymer was prepared with the Mn contro l led to - 9300 g/mole 

as before to produce a PAE/P IIPAE block copo lymer which was solution 

im idized (S I ) .  Thus BTDA (2.5779 g, 0 .00800 mol)  was added to a solut ion of 

BABB (3.0434 g ,  0 .00608 mol) in N MP (31 .9  g ) .  The mixture was sti rred at RT 
under N2 for 3 h to form a clear solution .  A solution of ATPAE (BPF) 3 1 1 0  

( 1 1 .2426 g ,  0 .00362 mol)  i n  N MP (63.7 g )  was added to the poly(amic acid) 

solut ion prepared above to form a clear solution which was sti rred for 2 h at 

RT. The copolymer was then solution im idized by addi ng to luene (35 m l )  then 

disti l l i ng a water/to luene azeotropic mixture from the react ion whi le heati ng to 

1 55°C and holding at temperature for 1 6  h .  The yel low ge l led copolymer was 

transferred to water in a blender to form a yel low so l id .  The yel low powder 

was washed in  methanol and boi l ing methanol fol lowed by dry ing in a ir  at 

1 oooc overnight. The copo lymer Tg and Tm were determined on the powder 

(Tg = 225°C, Tm = 342°C, DSC at 20°C/mi n) .  This powder was used to make 

a moldi ng to measure fracture toughness of the copo lymer. 
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End-Capped Copolymers 

<P-PI/PAE/P I -<1> (31 1 Ol Sl 

A copo lymer was prepared with the Mn contro l led to - 9300 g/mole 

by reacting a 2 : 1  rat io of BABB/BTDA (31 1 0) with ATPAE (BPF) 31 1 0  to 

produce a P I/PAE/PI b lock copo lymer which was then end-capped with 

an i l ine .  Thus, BTDA (3.8668 g, 0 .01 200 mol)  was added to a so lut ion of 

BABB (4.5651 ,  0 .009 1 20 mol) i n  NMP (33.7 g). The mixtu re was sti rred at RT 

u nder N2 for 2 .5 h to form a clear so lution.  A solution of ATPAE (BPF) 31 1 0  

(4.2 1 60 g ,  0 .001 356 m)  i n  NMP ( 1 6 .9  g)  was added to the poly(amic acid) 

solut ion prepared above to form a clear solution which was sti rred for 2.5 h at 

RT. Afterwards, ani l ine (0.2525 g ,  0 .00271 1 mol)  i n  NMP ( 1 .0 1  g )  was added 

and sti rring cont inued for 2 h. The end-capped copolymer was then solut ion 

im idized by add ing toluene (35 ml )  then dist i l l ing a water/to luene azeotropic 

mixture from the react ion whi le heating to 1 55°C and ho ldi ng at temperatu re 

for 1 6  h .  The yel low precipitate which formed was washed i n  water, methanol 

and boi l ing methanol fo l lowed by drying i n  ai r at 1 oooc overn ight. The Tg 

and Tm were determine on the powder (Tg = 227°C, Tm = 382°C, DSC at 

20°C/min ) .  

<P-P I/PAE/P I-<1> (31 1 Ol 

A copo lymer was prepared with the Mn contro l led to - 9300 g/mole 

by react ing a 2:1  rat io of BABB/BTDA (31 1 0) with ATPAE (BPF) 3 1 1 0  to 

produce a P I/PAE/PI block copo lymer which was end-capped with an i l ine .  

Thus ,  BTDA (3.8668 g ,  0 .01 200 mol)  was added to a so lut ion of BABB 

(4.5651 g, 0 .009 1 20 mol) i n  NMP (33.7 g). The m ixtu re was stirred at RT 

u nder N2 for 2.5 h to form a clear so lut ion. A solution of ATPAE (BPF) 31 1 0  

(4.2 1 60 g ,  0 .001 356 mol)  i n  N MP ( 1 6 .9 g)  was added to the poly(amic acid) 
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prepared above to form a clear solution which was sti rred for 2 .5  h at RT. 

Afterwards, an i l i ne (0.2525 g, 0 .00271 1 mol)  in NMP ( 1 .01  g) was added an 

sti rring conti nued for 2 h to form a clear reddish-orange solution (Tl inh = 0.47 

dUg,  NMP at 25°C) . A polymer fi lm was cast and cu red 1 h each at 1 00,  200 

and 300°C. The resu lt ing fi lm was brittle and cracked upon removal from the 

g lass p late . The polymer Tg and Tm were determined on the fi lm sample (Tg 

= 227°C, Tm = 382°C, DSC at 20°C/min) .  

<j>-PI/PAE/PI/PAE/PI-<1> (31 10) 

A copolymer was prepared with Mn contro l led to - 1 5,500 g/mole by 

react ing a 3 :2 ratio of BABB/BTDA (31 1 0) with ATPAE (BPF) 31 1 0  to produce 

a P I/PAE/P I/PAE/PI block copo lymer which was then end-capped with an i l ine .  

Thus,  BTDA (3.2223 g ,  0 .01 00 mol )  was added to a solution of BABB (3.8042 

g, 0 .00760 mol) in NMP (28. 1 g). The mixture was stirred at RT u nder N2 for 

2 .5 h to form a c lear solution .  A so lut ion of ATPAE (BPF) 31 1 0  (4.6843 g ,  

0 .001 506 mol)  i n  NMP ( 1 8.7 g)  was added to  t he  poly(amic acid) solut ion 

prepared above to form a clear solut ion which was sti rred for 2.5 h at RT. 

Afterwards, an i l ine (0. 1 402 g, 0 .001 506 mol) i n  NMP (0 .56 g) was added and 

stirr ing cont i nued for 2 h to form a clear reddish-orange solution (Tl inh = 0.54 

dUg,  NMP at 25°C) . A polymer fi lm was cast and cu red 1 h each at 1 00,  200 

and 300°C.  The result i ng fi lm was brittle and the polymer Tg and Tm were 

determi ned (Tg = 223°C, Tm = 370°C ,  DSC at 20°C/min ) .  

<j>-P I/PAE/P I/PAE/PI-<1> (31 10) Sl 

A copolymer was prepared with Mn controlled to - 1 5,500 g/mole by 

reacting a 3:2 ratio of BABB/BTDA (31 1 0} with ATPAE (BPF) 31 1 0  to produce 

a P I/PAE/P I/PAE/P I block copolymer which was then end-capped with an i l ine .  
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Thus, BTDA (3.2223 g ,  0 .01 00 mol) was added to a solut ion of BABB (3.8042 

g, 0 .00760 mol) in NMP (28 . 1  g ) .  The mixture was stirred at RT u nder N2 for 

2 .5  h to form a c lear so lut ion .  A solution of ATPAE (BPF) 31 1 0  (4.6843 g ,  

0 .001 506 mol) i n  NMP ( 1 8 .7 g )  was added to t he  poly(amic acid) solut ion 

prepared above to form a clear solution which was sti rred for 2.5 h at RT. 

Afterwards, ani l ine (0 . 1 402 g, 0 .001 506 mol) i n  NMP (0.56 g) was added and 

sti rring cont inued for 2h .  The end-capped copolymer was then solut ion 

imidized by adding toluene (40 ml)  then dist i l l i ng a water/to luene azeotropic 

mixture from the reaction whi le heating to 1 55°C and holding at temperature 

for 1 6  h. The yel low precipitate which formed was washed in water, methanol 

and boi l ing methanol fo l lowed by d ryi ng i n  a ir  at 1 00°C overn ight .  The 

po lymer Tg and Tm were determined on  the powder (Tg = 225°C, Tm = 
37JCC, DSC at 20°C/min ) .  This powder was used to make a molding to 

measure fracture toughness of the copo lymer. 

q>-PI/PAE/P I/PAE/P I-<1> (31 10) 

A copolymer was prepared with Mn control led to - 1 5,500 g/mole by 

react ing a 3 :2 rat io of BABB/BTDA (31 1 0) with ATPAE (BPF) 31 1 0  to produce 

a P I/PAE/P I/PAE/PI block copo lymer wh ich was then end-capped with an i l ine .  

Thus,  BTDA (9 .6669 g ,  0.0300 mol) was added to a solut ion of BABB 

( 1 1 .4 1 27 g, 0.0228 mol)  i n  NMP (84 .3 g) .  The mixture was sti rred at RT u nder 

N2 for 2 .5 h to form a clear solut ion.  A so lut ion of ATPAE (BPF) 31 1 0  

( 1 4.0529 g ,  0 .00451 9 mol) i n  NMP (56 . 1 g)  was added to the poly(amic acid) 

so lut ion prepared above to form a clear solut ion which was sti rred for 2.5 h at 

RT. Afterwards, an i l ine (0.4208 g, 0 .0045 1 9 mol)  in NMP ( 1 .7 g) was added 

and sti rring cont inued for 2 h to form a clear reddish-orange solut ion (TJinh = 
0.58 dUg,  NMP at 25°C) .  This solut ion was used to prepare graphite prepreg . 
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<b-PI/PAE/PI/PAE/PI-<b (31 1 0) 

Another batch of the previous copolymer was prepared with M n 

contro l led to - 1 5,500 g/mole by react ing a 3 :2 ratio of BABB/BTDA (31 1 0) 

with ATPAE (BPF) 31 1 0  to produce a P I/PAE/PI/PAE/PI block copolymer 

which was then end-capped with an i l ine .  Thus, BTDA ( 1 2 .889 g, 0 .0400 mol)  

was added to a solution of BABB ( 1 5.21 7 g ,  0 .0304 mol) i n  NMP ( 1 1 2 .4  g) .  

The mixture was sti rred at RT u nder N2 for 2 .5 h to form a clear solution .  A 

solut ion of ATPAE (BPF) 31 1 0  ( 1 8.7373 g ,  0 .006025 mol)  i n  NMP (75.0 g )  

was added to t he  poly(amic acid) prepared above to form a c lear solut ion 

which was sti rred for 2.5 h at RT. Afterwards, ani l ine (0.561 1 g ,  0 .006025 

mol) in NMP (2.25 g)  was added and sti rring cont inued for 2 h to form a clear 

reddish-orange solut ion (TJinh = 0.56 dUg ,  NMP at 25°C}.  

<b-PI/PAE/PI/PAE/PI-<b (31 1 0) 

Another batch of the previous copo lymer was prepared at a h igher  

concentration (30% sol ids vs 20% sol ids) with Mn contro l led to - 1 5 ,500 

g/mole by react ing a 3 :2 rat io of BABB/BTDA (31 1 0) with ATPAE (BPF) 31 1 0  

to produce a PI/PAE/PI/PAE/PI block copolymer which was then end-capped 

with an i l i ne .  Thus, BTDA (1 2 .8894 g, 0.0400 mol)  was added to a solut ion of 

BABB ( 1 5 .2 1 7  g, 0 .0304 mol)  in NMP (65.6 g) .  The mixture was sti rred at RT 

u nder N2 for 2 .5 h to form a clear solut ion. A solution of ATPAE (BPF) 31 1 0  

( 1 8 .7373 g ,  0 .006025 mol)  i n  NMP (43.7 g )  was added to the poly(amic acid) 

so lut ion prepared above to form a clear so lut ion which was sti rred for 2 .5 at 

RT. Afterwards, ani l ine (0 .561 1 g ,  0.006025 mol)  in NMP ( 1 .3 g )  was added 

and sti rri ng conti nued for 2 h to form a clear reddish-orange solut ion .  

Solut ion viscosity (NMP at 25°C} was measured on fou r  consecutive days of  
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conti nued sti rring and was found to be 0 .87 dUg ,  0 .77 dlg, 0.68 dUg and 

0 .66 dUg ,  respectively. 

Combi ned Solution 

Due to previous results from prepreg preparat ion ,  it was determined 

that a prepreg so lution of 25% sol ids content would provide the requi red 

amount of resin (- 38% by weight) on subsequent prepreg fo l lowing 

experimental condit ions used previously.  Therefore, the two solut ions 

discussed above (one at 20% sol ids content and the other at 30% sol ids 

content) were combined to form the so lut ion used to prepare the necessary 

prepreg for composite preparation.  
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RESULTS AND D ISCUSSION 

l mide/ary lene ether b lock copo lymers were prepared and 

characterized. The molecu lar weight of the b locks studied were 31 1 0  and 

6545 g/mole for both the polyimide and poly(arylene ether) b locks. I n  order to 

prepare these b lock copo lymers,  several monomers were synthesized and 

purif ied. Afterward, homopolymers were prepared which were h igh molecu lar 

weight polymers of the same structure as the lower molecu lar weight b locks 

used for copo lymer synthesis. Two structural ly different amine-terminated 

po ly(ary lene ethers) (ATPAE) were prepared at two d ifferent molecular 

weights to provide four  different ATPAEs. Th ree different copo lymer 

combinations were studied. The fi rst combinat ion studied was an ODA/BTDA 

polyim ide block and a FBB/BPA poly(ary lene ether) block. The second 

combinat ion studied was a BABB/BTDA po lyimide block and a FBB/BPA 

poly(ary lene ether) b lock. The th i rd combination studied was a BABB/BTDA 

polyim ide block and a FBB/BPF poly(arylene ether) block. The structures fo r 

these po lymers are shown i n  Figu re 4. The fo l lowi ng discussion wi l l  be 

organ ized such that the monomers, homopolymers and ATPAEs wi l l  be 

discussed fi rst. Then the block copo lymer combinat ions wi l l  be addressed i n  

t he  order l isted above. Therefore, t he  d iscussion wi l l  contain t he  synthesis, 

characterizat ion and properties for the fi rst b lock copo lymer combinat ion 

before the next copolymer combination is addressed, and so forth. Final ly, 

one b lock copolymer was end-capped at a control led molecu lar weight to 

enhance processabi l ity. A signif icant quantity of this material was prepared, 

characteri zed and used to prepare adhesives and composites for mechanical 

testi ng .  A discussion of this work wil l  fol low the previous sections.  
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Monomers 
Synthesis of the 1 ,3-bis(4-f luorobenzoyl )benzene was accompl ished 

by a typical Friedei-Crafts acylation reaction.  The react ion proceeded 

smoothly and in very h igh yie lds, with a crude product y ie ld > 90%. One 

recrystal l izat ion from to luene provided polymer g rade monomer. Synthesis of 

the 9 ,9-bis(4-hydroxyphenyl)f luorene was more difficu lt and t ime consuming .  

The reaction mixture became very viscous and difficu lt to sti r, wh ich i nterfered 

with the bubbl i ng of the hydrogen ch loride gas. Steam d isti l lat ion requ i red 

seve ral days to remove all residual f luorobenzene and the crude product 

yie ld was - 60%. Two recrystal l izations from toluene were requ i red to 

provide polymer g rade monomer. Synthesis of 1 ,3-bis(4-aminophenoxy-4'

benzoyl}benzene was accomplished by f i rst prepari ng the potassium salt of 4-

aminopheno l ,  which was then reacted with 1 ,3-bis(4-f luorobenzoyl)benzene. 

The reaction was maintained at 1 30-1 40°C overnight u nder a nitrogen 

atmosphere to provide a h igh y ie ld (> 95%) of crude product. However, two 

recrystal l izat ions from 1 :1 to luene-ethanol ,  which reduced the yield 

sign i ficantly, were necessary to provide polymer g rade monomers. The 

remain i ng monomers were obtai ned commercial ly and either recrystal l ized or 

subl imed to provide polymer g rade monomers. 

Polymers and Blends 

The poly(ary lene ether) (PAE) homopolymers were prepared by 

nucleoph i l ic aromatic substitution  us ing a sl ight offset in stoichiometry 

favoring the activated dif luoro compound, a sl ight excess of potassi um 

carbonate and  DMAc as  so lvent at 20-25% sol ids content. The  offset i n  

stoichiometry leads t o  f luoro-terminated polymers,  which are more thermal ly 

stable than hydroxy-terminated PAEs. Completely anhydrous conditions are 
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necessary to produce high molecular weight polymer so toluene is used to 

form an azeotropic mixture to remove any water present. Using the condit ions 

described previously, high molecu lar weight PAEs were readi ly prepared i n  

excel lent y ie ld.  

The poly(amic acid) homopolymers were prepared by nucleophi l ic 

aromatic substitution us ing a stoich iometric ratio of monomers at 1 5% sol ids 

(w/w) u nder a nitrogen atmosphere .  The dianhydride sol id was added to a 

mechan ically stirred solution of the diamine i n  DMAc. Reaction mixtures were 

stirred overnight and i n herent v iscosities were subsequently determined. The 

poly(amic acids) were thermal ly im id ized to polyimides (P I )  by cast ing a 

so lution  on  g lass, drying to a tack free form in  a dust proof chamber and 

curing 1 h each at 1 00, 200 and 300°C in  a ci rcu lating air  oven .  This is  a 

standard cure used by many to produce fi lms which are considered fu l ly 

im id ized. 

Propert ies for the homopolymers are shown in Table 1 5. I nherent 

viscosities of the PAEs were h igh ,  but viscosities over 1 .0 dUg can be 

reached when a stoich iometric ratio of monomers is used. The poly(amic 

acids) had very high viscosities i ndicating very h igh molecu lar weight. For 

prepari ng fi lms, very h igh v iscosities are not a disadvantage, as wou ld be the 

case i n  the preparat ion of test specimens for moldings o r  adhesives. 

However, once a certai n  molecu lar weight and therefore viscosity is  reached, 

f i lm properties remain re latively constant. The viscosity at which fi lm 

properties become constant is probably between 0.6 and 0 .8  dUg for  these 

homopolymers. If the f i lms are to be oriented, higher viscosities are desirab le .  

The FBB/BPA polymer has the lowest Tg of 1 56°C and is  the refore the most 

f lexible. The FBB/BPF and the BABB/BTDA polymers have essential ly the 

same Tg (222-223°C) but the latter polymer i s  semi -crystal l ine with a Tm of 
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Table 1 5  

Characterizat ion of Po lymers and Blends 

Polymer or Blend 

FBB/BPA 

FBB/BPF 

ODNBTDA 

BABB/BTDA 

FBB/BPN/ODNBTDA 
1 : 1 B lend 

FBB/BPN/BABB/BTDA 
1 :1 B lend 

FBB/BPF//BABB/BTDA 
1 : 1 B lend 

T\inh . (dUg) 

0 .87b 

0.68b 

1 . 59C 

1 . 32C 

a) Measured by DSC at a heati ng rate of 20°C/min  

T ,a (oC) 

1 56 

223 

278 

222 

1 55, 273 

1 55, 223 

223 

b) Measured i n  CHCI3 at  25°C and 0 .5% concentrat ion 

c) Measured i n  DMAc at 25°C and 0 .5% concentration 

95 

350 

36 1 

362 



350°C. The ODA/BTDA has the highest Tg (278°C} and is amorphous l ike the 

PAEs. 

Polymer blends were prepared by mixi ng equal amounts and 

concentrations of poly(amic acid)  solut ions with PAE solutions.  No i nherent -
viscosities for these blends are shown in  Table 1 5  because the so lut ions 

became cloudy due to the i ncompatibi l ity of the polymers .  Measuri ng the 

solut ion v iscosities was attempted but  results were i nconsi stent and erratic 

and, therefore, are not reported. A 1 : 1 blend of FBB/BPAI/BABB/BTDA 

disp layed two Tgs corresponding to the Tgs of the homopo lymers,  with on ly a 

5°C reduct ion i n  the Tg of the polyimide and no change i n  the Tg of the PAE.  

The presence of two Tgs at  essentially the same temperatu res as  the 

homopolymers i ndicates a h igh degree of i ncompatibi l ity. Completely 

compatible blends are rare but do display s ing le phase morphology with 

properties representi ng a weighted average of the two homopolymers .  

Therefore, a 1 : 1  completely compatible blend wou ld display a Tg at the 

average of the two homopo lymer Tgs. The FBB/BPAI/BABB/BTDA blend also 

displays two Tgs, as wel l  as a Tm, indicating that these polymers are also 

i ncompatible in the so l id state. The f inal blend in  Table 1 5  disp lays o n ly one 

Tg but  th is should not be taken to mean that the FBB/BPF and the 

BABB/BTDA are compatible. These homopolymers have essential ly 

equivalent Tgs (222 and 223°C} so conclusions concerning compat ib i l ity 

should not be drawn from this data alone. Examination  of a fi lm prepared 

from th is b lend shows the presence of two phase morpho logy, i ndicat ing that 

these po lymers also are i ncompatible. This blend also is semi-crystal l ine with 

a Tm of 362°C. 

F i lm properties for the polymers and blends are shown in  Table 1 6 . 

F i lms were tested for tensi le strength ,  tensi le modu lus and e longation  at room 
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temperature,  93°C and 1 77°C. The two elevated temperatures were chosen 

due to requ i rements for potential applications. The 93°C test, which is 200°F, 

is performed because this is the upper use temperature for commercial 

a i rcraft structural applicat ions such as wings,  rudders, fuselage and su rface 

ski ns. The 1 77°C test, which is 350°F, is performed because th is is the upper 

use temperature for some mi l i tary ai rcraft structural applications. 

Properties of the PAEs are shown in  the fi rst two rows of Table 1 6 . 

The FBB/BPA polymer was not tested at 1 77°C since th is is above the 

po lymer Tg ( 1 56°C) . Both PAEs have RT tensi le strength of - 1 3  Ksi  and 

modu lus of - 380 Ksi .  However, the FBB/BPA polymer has an extreme ly h igh 

e longat ion wh i le the FBB/BPF polymer has re latively low e longat ion .  One 

must real ize that e longat ion is more sensitive to flaws in the f i lm,  such as dust 

o r  edge effects, than strength or modulus. Subsequent tests on  different f i lms 

of FBB/BPF gave simi lar results. At 93°C, the PAEs retained 60% and 75% of 

the i r  strength and over 90% of their  modulus. The FBB/BPF polymer retai ned 

o n ly 40% of its strength but 80% of its modu lus at 1 77°C. The Pis have 

excel lent tensi le strength and modu lus with the BABB/BTDA being 

significantly better than the PAEs. The BABB/BTDA was not tested at  93°C 

but expected to have a very h igh retention  of properties at that temperature. 

Th is  po lymer retains 70% of its strength and 86% of its modulus at 1 77°C, 

wh ich i s  excellent for a l i near po lymer. At least some of this exce l lent 

retent ion of properties can be attributed to the crystal l in ity present i n  the 

po lymer. The ODA/BTDA which is amorphous but has a h igher Tg (278°C vs 

223°C) retains on ly 49% and 55% of its strength and modu lus, respectively, at 

1 77°C. F i lm properties for two of the polymer blends are shown i n  Table 1 6 . 

Each of these f i lms had a textured, o range peel surface due to the phase 

separat ion that occurred but the fi lms were tested anyway. The th i rd blend 
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Table  1 6  

Fi lm Propert ies of Polymers and Blends 

Tensi le Strength ,  Ksi (Modulus, Ksi) [E longat ion ,  %] 

Polvmer or Blend 

FBB/BPA 

FBB/BPF 

ODA/BTDA 

BABB/BTDA 

FBB/BP A//ODA/BTDAa 
1 : 1 Blend 

FBB/BPA//BABB/BTDAb 
1 : 1 Blend 

FBB/BPF //BABB/BTDAa 
1 : 1 Blend 

RT 

1 2 .7 (381 ) [ 1 36] 

1 3.5  (378) [4.6] 

1 9. 5  (526) [ 1 4.6] 

22.0 (630) [8.3] 

9. 1 (289) [0.5] 

9 .4  (203) [7.0] 

a) Textured, o range peel surface, two phase morphology 

b) Gross phase separation ,  discont inuous phase th icker 

93°C 1 77°C 

7.6 (340) [ 1 24] 

1 0.0 (349) [3.5] 5 .5 (304) [2.5] 

1 5.7 (393) [24.4] 9 .6  (290) [ 1 8.2] - 1 5.2 (540) [21 ] 

5.9 (200) [9.0] 

7.6 (275) [9 .5] 4 .2 (259) [29.9] 

1.0 
Cl) 



produced a f i lm with g ross phase separation ,  with the disconti nuous phase 

sign if icantly thicker than the conti nuous phase. Because of th is morphology 

and the difficu lt ies associated with measuri ng fi lm thickness , wh ich is 

necessary to calcu late f i lm propert ies, th is blend was not tested. Due to the 

two phase morpho logy, which probably has poor i nterphase adhesion,  the 

f i lm properties for these blends were poor. Th is  result i s  expected for blends 

of i ncompatible po lymers. 

The fracture toughness, K1c. of three of the homopolymers was 

measured and is shown in  Table 1 7. The ODAIBTDA polymer, wh ich is 

difficu lt to process i nto a molding,  was not tested. However, the fracture 

toughness of th is polymer is expected to be low (< 500 Psi ·'YTn, based on  

other  amorphous, l inear po lyimides). Also shown i n  Table 1 7  is fractu re 

energy,  G 1c. which is calcu lated using K 1c and modu lus by the equation given 

under Table 1 7. The FBB/BTDA po lymer is extremely tough with a G1c of 67 

in- lbs/i n2. The fractu re energy of FBB/BPF ( 1 5  i n- lbs/in2) is more typical of 

commercial amorphous PAEs which normal ly have fracture energ ies between 

1 0  and 20 i n- lbs/in2 . The BABB/BTDA polyimide is  also an extremely tough 

polymer d isplaying one of the h ighest reported fracture energies, 38 i n

lbs/i n2, fo r polyimides. The failed fracture surfaces of the compact tension 

specimen for both the FBB/BPA and BABB/BTDA polymers were very rough 

and highly crazed, indicative of a fracture mechanism that absorbs energy by 

d istributing it over a large surface area with yielding in contrast to stable crack 

g rowth characte ristic of britt le materials. 

Adhesive properties on titanium to titanium (Ti!Ti) tensi le shear 

specimens are shown in Table 1 8. Once agai n the ODAIBTDA polymer was 

not tested si nce fabrication i nto good samples is d ifficu lt .  The PAEs were not 

tested at the h igher temperatures due to their  lower Tgs. The BABB/BTDA 
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Table 1 7  

Fracture Toughness and Energy of Polymers 

Pol  mer  

FBB/BPA 

FBB/BPF 

ODA/BTDA 

BABB/BTDA 

a) Not measured 

(Kic)2 G1c = Modu lus  

Fracture Toughness 
K, , si · "(in 

5070 

2400 

a 

4890 

Fractu re Energy 
G, , i n- lbs/i n2 

67  

1 5  

a 

38  

1 00 



Polymer  

FBB/BPA 

FBB/BPF 

ODA/BTDAC 

BABB/BTDA 

RT 

5300 (Coh) 

5450 (Coh) 

6250 (Coh) 

a) Ti!Ti tensi le shear strength 

Table 1 8  

Adhesive Properties of Polymersa 

Tensi le Shear Strength ,  Psi (Fai l u re Modeb) 

93°C 

3900 (Coh )  

4550 (Coh )  

1 50°C 

3500 (Coh) 

1 77°C 

451 o (Co h) 

b) Coh = cohesive fai lu re ,  Ad = adhesive fai lu re 

c) Difficult to process, not tested 

d) After anneal ing 1 00 hr at 31 6°C 

232°C 

590 (Ad) 
[3670 (Coh)]d 

,_.. 
0 
,_.. 



had exce l lent RT tensi le shear strength of 6250 psi whi le both the PAEs were 

ve ry good (> 5000 psi ) .  The FBB/BPF polymer maintai ns very good strength 

up to 1 50°C whi le the BABB/BTDA polyi mide has exce l lent strength up to 

232°C after anneal ing 1 00 h at 31 6°C. These properties wi l l  be used for 

comparison with sim i lar properties for the block copolymers d iscussed later. 

The homopolymers were subjected to t hermogravimet ric analysis 

(TGA) at 2 .5°C/mi n i n  both ai r and nitrogen flowing at 1 5  m l/m in .  The 

temperatu re at 5% weight loss in air  and n it rogen for both polyimides was 

490°C and - 520°C, respect ively as shown in Table 1 9 . The temperatu res at 

5% weight loss in ai r fo r the FBB/BPA and FBB/BPF were 475°C and 480°C, 

respectively whi le the same data for n itrogen atmosphere was 475°C and 

525°C. Each of these materials has sufficient thermal stabi lity for long term 

use at 1 77°C and for shorter periods at 232°C. 

Ami ne Terminated PolyiArylene Ethers) 

The amine-terminated poly(arylene ethers) (ATPAE) were prepared 

by adding FBB, the appropriate bisphenol ,  4-aminophenol ,  potassium 

carbonate, to luene and DMAc to a three-neck flask equipped with a 

thermometer, n itrogen i n let, Dean-Stark t rap and a condenser and heating to 

1 55°C and holdi ng 1 6  h .  Precipitat ion i n  a blender fo l lowed by wash ing to 

remove salts and so lvent provided the ATPAEs as l ight tan solids. The 

ATPAEs, prepared with either BPA or  BPF, where synthesized with calcu lated 

n umber average mo lecu lar weights (Mn)  of 31 1 0  and 6545 g/mole as shown 

in  Figu res 1 4  and 1 5 . Assum ing the extent of react ion ,  P,  is 1 o r  complete 

react ion is  ach ieved, the modified Carothers equat ion discussed earl ier 

reduces to Dp = 1 + r/1 - r, where Dp is degree of polymerization and r is 

monomer rat io. To f ind the desi red Dp, the desired M n is d ivided by one-half 
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Table 1 9  

Thermogravimetric Analysis of Polymers 

Pol mer 

FBB/BPA 

FBB/BPF 

ODA/BTDA 

BABB/BTDA 

aHeat i ng rate of 2.5°C/min 

Temperature,a ac at 5% 
Weight Loss 
Ai r N2 

475 

480 

490 

490 

475 

535 

520 

525 

1 0 3  
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Figure 14. Synthesis of BPA based amine-terminated poly (arylene ether) 
oligomers. 
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Figure 15.  Synthesis of BPF based amine-terminated poly (arylene ether) 
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of the repeat un it molecular weight. For the BPA based polymer, the repeat 

u nit molecular weight is 51 0 g/mole, so 255 is  used in  the calcu lation .  For the 

BPF based polymer, the repeat un it molecular weight i s  632 g/mole,  so 31 6 is 

used in the calcu lation .  Two examples of calcu lating the r values used to 

prepare desired molecu lar weights as wel l  as the other r values used to 

prepare the ATPAEs are shown in Figure 1 6. The molecu lar weights used 

were selected somewhat arbitrari ly but seve ral considerations were made. 

Si nce the homopolymers were known to be incompatible, block length too 

long wou ld produce copolymers that "act l ike" blends. However, since the 

repeat un i t  molecu lar weights for these polymers is rather high (51 0 and 632 

g/mole) ,  block lengths must be large enough that the copo lymers don't "act 

l ike" random copolymers. Fol lowing th is  l ine of reasoning,  3 1 1 0  g/mole was 

se lected to give blocks of - 5-6 repeat un its and 6545 was se lected to give 

b locks of - 1 0- 1 2 repeat un its on average. It was bel ieved that these block 

lengths wou ld be long enough to display properties different from either h igh 

molecular weight b lends or  random copolymers .  

Data for BPA based ATPAEs are shown i n  Table 20. As expected, 

the lower molecu lar weight o l igomer had lower viscosity as wel l  as a lower 

Tg . Viscosit ies were measured in  CHCI3 and Tgs were measured by DSC at 

20°C/m in .  The last co lumn shows experi mental Mn measured by 

potentiometric titrat ion of the aromatic amine with 0 .02 M HBr  i n  g lacial acetic 

acid.  The equation  used to calculate Mn is shown below 
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To prepare ATPAE (BPA) 31 1 0, 

D p = 31 1 0 -:- 255 = 1 2. 1 9 

D p = � + 
r 1 2. 1 9 = � + 

r 
:. r = 0.848 - r - r 

To prepare ATPAE (BPA) 6545, r = 0.925 
To prepare ATPAE (BPF) 31 1 0, 

D p =  31 1 0 -:- 31 6 = 9.84 

D P = 
1 

+ 
r 9.84 = � + 

r 
:. r = 0.81 6 1 - r - r 

To prepare ATPAE (BPA) 6545, r = 0.908 

Figure 16. Calculation of desired monomer 
stoichiometry. 
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Table 20 

Characterization of BPA Based Ol igomers and Polymers 

Ol igomer or  Polymer llinh .  dUg DSC T , ace Mn, g/mole 

ATPAE (BPA) 31 1 0  0 . 1 6a 1 33 3600 

ATPAE (SPA) 6545 0 .29a 1 46 7300 

ATPAE (SPA) 31 1 0  + BTDA 0.79b 1 65 

ATPAE (SPA) 6545 + BTDA 1 . 1  b 1 62 

a) Measured i n  CHCI3 at 25°C and 0 .5% concentrat ion 

b) Measured i n  DMAc at 25°C and 0 .5% concentration 

c) Measured a a heat ing rate of 20°C/min after heating to 300°C 



The experimental Mns are 1 0- 1 5% h igher  than the calcu lated M ns. As a 

method used to confi rm calcu lated molecular weights, the ATPAEs were 

reacted with a stoichiometric amount of BTDA, based on the calcu lated Mns of 

the ATPAEs. The i n herent viscosities shown in the table are high ,  confi rmi ng 

that the calcu lated Mns are essential ly correct. Since the exper imental Mns 

were determined late in the study and the calcu lated Mns were provid ing 

good resu lts, the calcu lated Mns were used for stoichiometry calcu lations in 

al l  the react ions i n  the project. As a test of the experimental Mn ,  a reaction of 

ATPAE (BPA) 31 1 0 and BTDA was done where the stoichiometry was based 

on a Mn of 3600 g/mole.  This react ion provided a polymer with llinh = 1 . 1 dUg 

(an increase from 0.79 dUg) ,  i ndicati ng that the experimental M n for the 

ATPAE is more correct than the calcu lated M n .  This difference, however, 

wou ld probably not s ign ificantly change polymer propert ies, such as tensi le 

strength,  modu lus and e longation .  

Data for ATPAE (BPF) o l igomers are shown i n  Table 2 1 . As 

expected, the lower molecu lar weight o l igomer had lower vi scosity as wel l  as 

a lower Tg . The viscosities were measured i n  DMAc and Tgs were measured 

by DSC at 20°C/min .  The last co lumn shows experimental Mn measured by 

potentiometric  t itrat ion of the aromatic amine as previously d iscussed. These 

experimental Mns are 1 5% and 3% h igher  than the calcu lated Mn for the 

31 1 0  and 6545 ATPAE ol igomers, respectively. As a method used to confirm 

calcu lated molecular weights, the ATPAEs were reacted with a stoichiometric 

amount of BTDA, based on the calcu lated Mns of the ATPAEs. As shown i n  

Table 21 , very h i gh  viscosities were obtai ned, confi rmi ng that t he  calcu lated 

Mns are essential ly correct. Since experi mental Mns were determined late i n  

t he  study and the  calcu lated Mns  were providi ng good resu lts, t he  calcu lated 

Mns were used for stoichiometry calcu lations in a l l  the reactions i n  the project. 
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Table 2 1  

Characte rization of BPF Based Ol igomers and Polymers 

Ol igomer o r  Polymer llinh . dUga DSC T , ocb Mn, g/mole 

ATPAE (BPF) 31 1 0  0 . 1 8  1 93 3500 

ATPAE (BPF) 6545 0 .30 207 6700 

ATPAE (BPF) 31 1 0 + BTDA 1 . 1 6  226 

ATPAE (BPF) 6545 + BTDA 1 . 40 227 

a) Measured i n  DMAc at 25°C and 0 .5% concentration 

b) Measured at  a heati ng rate of  20°C/min  after heat ing to 300°C 



The Tgs are shown for these two polymers and are essential ly the same (226-

2270C) .  This Tg is sl ightly h igher than for the PAE homopolymer which has a 

Tg of 223°C. This s l ight i ncrease i n  Tg is probably due to the smal l  amount of 

i m ide pr�sent i n  these two po lymers. 

Fi lms were prepared and properties were measured at RT, 93°C and 

1 77°C for the ATPAEs polymerized with BTDA. Data for tensile strength, 

modulus and e longat ion are shown in Table 22. The fi rst two po lymers l isted 

in the table are based on BPA and have essentially identical propert ies at RT 

and 93°C. However, the ATPAE (BPA) 6545/BTDA polymer has very h igh 

e longat ion wi th no strength or  modulus at 1 77°C. The ATPAE (BPA) 

31 1 0/BTDA, which has a h igher im ide content, has low but measurable 

strength and modu lus and an e longation of 80%. Data for the BPF based 

polymers are shown in the last two rows of the table. There are s l ight 

differences in  properties between the two BPF based polymers but the most 

important data in Table 22 is the retent ion of properties at 1 77°C for BPF 

based polymers .  These po lymers retai n over 50% of the ir  st rength and 80% 

of the i r  modulus because of thei r h igher Tgs (226°C vs 1 65°C) than the BPA 

based polymers. 

Block Copolymers 

ATPAE IBPA)UODNBTDA Copolymers 

Four different block copo lymers were prepared us ing ATPAE based 

on BPA and ODNBTDA each with blocks of 31 1 0  and 6545 g/mole for 

calcu lated Mns. As shown in  Table 23, the copo lymers were prepared with 

the same molecu lar weight blocks as wel l  as with different molecular weight 

blocks. The f irst and last copo lymers l isted in  the table have equal length 

b locks and therefore have an equal amount of im ide and ary lene ether 
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Pol mer 

ATPAE (BPA) 31 1 0/BTDA 

ATPAE (BPA) 6545/BTDA 

ATPAE (BPF) 31 1 0/BTDA 

ATPAE (BPF) 6545/BTDA 

Table 22 

Film Properties of BTDA Extended ATPAEs 

Tensi le Strength ,  Ksi (Modulus,  Ksi ) [E longat ion,  %] 

RT 93°C 1 77°C 

1 0 .9  (367) [4.0] 9 . 1  (333) [3.3] 1 .2 ( 1 24) [80] 

1 1 . 1  (367) [5.7] 8 .5 (329) [5.2] - - [> 1 00] 

1 0 .3 (41 3) [3.3] 1 0 .2 (352) [3.5] 6 .8  (374) [3.0] 

1 1 .9 (400) [3.8] 1 1  .2 (378) [3. 7] 6 .2 (32 1 )  [3.4] 

...... 
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Table 23 

Characterization of ATPAE (BPA)//ODAJBTDA Copolymers 

Cooolvmer 

ATPAE (BPA) 31 1 0//0DA/BTDA 3 1 1 0  

ATPAE (BPA) 31 1 0//0DAIBTDA 6545 

ATPAE (BPA) 6545//0DA/BTDA 31 1 0  

ATPAE (BPA) 6545//0DA/BTDA 6545 

ATPAE (BPA) 6545 + [ODA + BTDA (6545)] 
Seg mented 

a) Measured in  DMAc at 25°C and 0 .5% concentrat ion 

0 .46 

0 .50 

0 .38 

0 .37 ( 1 .37) 

0 .97 

b) Measured by DSC at 20°C/mi n  after curing 1 h at 300°C 

c) Measured by TBA at 3°C/mi n  after curing 1 h at 300°C 

Tg. oc (Polyim ide) 

DSCb 

1 68 

1 67, 265 

1 64 

TBAC 

2 1 6  

267 

1 76 

2 1 4 1 71 '  265 

1 68, 265 1 72, 270 

...... 
...... 
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present. The other two copolymers have different length blocks and, 

therefore, twice as much of one po lymer repeat un it as the other polymer 

repeat unit present. The ATPAE (SPA) 6545//0DA/BTDA 6545 was original ly 

prepared at a stoichiometric rat io of o l igomers to produce a highly viscous 

solut ion with i nherent viscosity of 1 .37 dUg ,  shown i n  parenthesis. This very 

high v iscosity was encourag i ng s ince it i ndicated t hat the calcu lated 

molecular weights were essential ly correct, but polymers with viscosity, and 

therefore mo lecular weight, th is h igh are very difficu lt to process. So t hese 

copo lymers were prepared wit h a 1 .5% offset in stoichiometry favoring the 

ODA/BTDA o l igomer. The viscosities reported in  the fi rst co lumn in Table 23 

are for the copolymers prepared using th is s l ight  offset i n  stoichiometry .  The 

decrease i n  v iscosity due to th is stoichiometry offset was much g reater than 

expected but the copo lymers with low inherent v iscosities st i l l  produced 

tough,  creasable f i lms upon curing to 300°C. 

The copolymers are prepared by f irst preparing the anhydride 

terminated ODA/BTDA blocks at 31 1 0  or  6545 g/mole i n  DMAc. This is 

accompl ished by offsett ing the ODA to BTDA monomer ratio  to 0.845 and 

0 .923 to provide Mn of 31 1 0  and 6545 g/mole, respectively, as shown in 

Figure 1 7. After st i rring for - 3 h a solution of the ATPAE i n  DMAc was added 

to the poly(amic acid) solut ion and sti rri ng continued for - 4 h. I ndividual ly, 

each solut ion was clear but colored (yel low for the ODA/BTDA and dark 

o range for the ATPAE) however, upon mix ing the resu lting solut ion was 

cloudy and no longer t ransparent. Smal l  amounts of other so lvents were 

added (e .g .  d ioxane) and the so lutions were warmed (- 60°C} or cooled (-

00C} but the so lut ions never became clear. Upon standi ng for long  periods, 

the cloudy so lut ion formed two distinct layers. Samples of each layer were 

dryed on g lass up to 300°C to form fi lms which were analyzed by DSC. The 
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f i lm from the top layer had a Tg essentially equ ivalent to the ODAIBTDA (-

2800C} and the fi l m  from the  bottom layer had a Tg essentially equivalent to 

the PAE ( - 1 60°C} .  This i nformation indicates that the different b locks are 

i ncompatible i n  DMAc and depolymerizat ion occurs after the solut ion stands 

for long periods result ing in a complete phase separat ion of two layers. 

So lution  i nherent viscosities were measured immediately after polymerization 

on  0 .5% solut ions wh ich became clear when d i luted to th is concentration .  

F i lms were prepared from thoroughly mixed solut ions o f  t he  copo lymers 

shortly after polymerizat ion .  When cured to 300°C, the cloudy solutions 

produced e i ther  hazy, yel low-orange f i lms or  textured fi lms with i ndicat ions of 

phase separat ion occurring .  The last copo lymer shown in Table 23 is a 

seg mented copolymer prepared by synthesizing one block and the copolymer 

i n  the presence of one preformed block. This synthetic techn ique al lows fo r 

the preparat ion of a copolymer where one block can have a more random 

molecu lar weight distribution whi le the preformed block is unaffected. 

Systems prepared in which the monomers and o l igomers have very diffe rent 

react ion rates can display different properties from copo lymers prepared from 

two preformed blocks. Preparation of this segmented copo lymer at a 

stoichiometric ratio provided high inherent viscosity. 

The last two co lumns in Table 23 show polymer Tgs measured by 

DSC and TBA. Copolymers with longer polyimide blocks show two Tgs, whi le 

those with shorter poly imide blocks display on ly the lower  PAE Tg. The DSC 

data for the segmented copo lymer is  very s imi lar to the DSC data for the block 

copo lymer of the same composit ion i ndicating a s imi larity in copo lymer 

structure by either synthetic technique. The presence of the two Tgs is fu rther 

evidence of i ncompatibi l ity and phase separat ion .  For the block copolymers ,  

the TBA curves display on ly one peak i n  the dampi ng curve, however, the 
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peaks are broader than for normal homopolymers and several have a 

shou lder present. For copolymers with equal length blocks, the Tgs by TBA 

are approximately the average of the two homopolymer Tgs, since the blocks 

are present i n  equal amounts. These peaks are broader than normal. The 

ATPAE (BPA) 31 1 0/0DA/BTDA 6545 has a Tg at 267°C whi le the ATPAE 

(BPA) 6545//0DA/BTDA 31 1 0  has a Tg at 1 76°C, which reflects the polymer 

present in  the g reatest amount. Both of  these cu rves have a shoulder present 

i n  the area of the minor  component Tg but temperatures are not given si nce a 

defin ite peak is not present. The TBA instrument measures the softening of a 

polymer by a mechanical technique where DSC measures on ly change in  

temperature of  the polymer versus a standard .  Therefore, Tgs by the two 

techn iques often give different results on compl icated block copolymers or  

blends and i nterpretat ion o f  the data is necessary. The TBA curve for the 

segmented copolymer is  shown in  Figure 1 8. There is  an obvious peak at 

1 72°C but also a less obvious peak or  shoulder at 270°C i n  the dampi ng 

( lower) curve. The rigidity curve (upper) shows a sharp decrease at the fi rst 

damping peak and conti nues to decrease slowly u nt i l  after the 270°C peak. 

Between  the two peaks, the PAE block is  f lexible but the i mide block is sti l l  

rig id .  The rig idity curve then levels off after heating above 270°C where both 

b locks are flexible. The interpretat ion of TBA data for these systems is 

invo lved but resu lts can be explai ned by the presence of two d i fferent blocks. 

TBAs for the other copo lymers shown in the table are included in the 

Appendix for reference. 

Fi l m  properties were measured for the copolymers and result ing data 

are presented i n  Table 24. Two of the block copo lymers,  which contai n the 

long PAE block, had textu red surfaces that resembled the su rface of an 

o range. The propert ies of both of these fi lms were low, most l ike ly due to 
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Table 24 

Fi lm Properties of ATPAE (BPA)//ODNBTDA Copolymers 

Tensi le Strength, Ksi ( Modulus, Ksi) [Elongat ion,  %] 

Pol mer RT 93°C 1 77°C 

ATPAE (BPA) 31 1 0/0DNBTDA 31 1 0  1 4. 1  (4 1 5) [4.9] 1 1 .7 (400) [4.9] 3.8 ( 1 56) [1 0 .3] 

ATPAE (BPA) 31 1 0//0DNBTDA 6545 1 6.2 (431 ) [5 .7] 1 3.0 (389) [5.3] 6.2 (50) [ 1 9. 1 ]  

ATPAE (BPA) 6545//0DNBTDA 31 1 Oa 5.8 (321 ) [ 1 .9] 4.2 (268) [ 1 .9] - (-) [-] 

ATPAE (BPA) 6545//0DNBTDA 6545a 1 1 .2 (324) [4.6] 9 .4  (299) [4.6] 3.9 (60) [ 1 7. 7] 

ATPAE (BPA) 6545 + [ODA + BTDA (6545)] 1 5.4 (358) [23.2] 1 1  . 5  (363) [> 50] 4 .5 (1 02) [> 50] 

Seg mented 

a) Textu red, o range peel surface 
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textu re caused by incompatibi l ity. Also, ATPAE (BPA) 6545//0DNBTDA 31 1 0  

had essential ly no strength or  modulus at 1 77°C s ince the major component 

i n  this copolymer has a Tg of 1 55°C. The properties of these copolymers 

fol low a " ru le of mixtures" mean ing the values fall between those of the 

homopolymers and when not present i n  equal amounts, closer to those of the 

major component. For example, the ATPAE (BPA) 31 1 0//0DNBTDA 6545, 

which has i mide as the major component, has the h ighest strength at each 

temperature tested and the highest modulus at RT. It was surpris ing t hat th is 

copo lymer  d id not have t he highest modulus at 93°C and 1 77°C as wel l .  The 

segmented copolymer l isted at the bottom of Table 24 did not produce a f i lm 

with a textu red surface and had good propert ies at  each temperature .  For a l l  

of the copo lymers l isted, there is a sign ificant decrease i n  properties at 1 77°C 

due to the presence of the low Tg PAE block. 

The copo lymers were subjected to thermogravimetric analysis at 

2 .5°C/m in  in both f lowing ai r and n itrogen ( 1 5 m l/m in )  and resu lts are shown 

in Table 25. The temperatu res at 5% weight loss are in the range of 420-

4450C in air and 465-500°C in n itrogen.  Therefore, the copolymers are a little 

less stable in air than the homopolymers but have thermal stabi l it ies s imi lar to 

the homopolymers in a n itrogen atmosphere .  In either case the thermal 

stabi l i t ies are very good for t he use temperatu res considered. 

The resu lts from th is phase of the work were very encou rag ing .  It was 

shown that the copo lymers could be prepared i n  h igh molecu lar weight and 

t hat the calcu lated molecular weights were essential ly correct. Using these 

calcu lated molecular weights, appropriate stoichiometries were determined.  

The properties measured for  the copolymers gave mixed results. F i lm 

properties for block copolymers contain ing short PAE blocks were as 

expected,  i .e .  a weighted average of the homopolymer properties, whi le 
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Table 25 

Thermogravimetric Analysis of ATPAE (BPA)//ODA/BTDA Copo lymers 

Co o l  mer 

ATPAE (BPA) 3 1 1 0/0DA/BTDA 31 1 0  

ATPAE (BPA) 31 1 0//0DA/BTDA 6545 

ATPAE (BPA) 6545//0DA/BTDA 31 1 0  

ATPAE (BPA) 6545//0DA/BTDA 6545 

ATPAE (BPA) 6545 + [ODA + BTDA (6545)] 
Seg m e nted 

Temperatu re ,a oc at 5% 
Weight Loss 

Ai r N 2 

420 

445 

440 

420 

440 

465 

480 

500 

470 

485 

aHeat ing rate of 2 .5°C/min  in  atmosphere flowi ng at 1 5  ml/min  
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properties for the block copolymers contain ing long PAE blocks were poor 

due to i ncompatibi l ity. The choice of block molecu lar weights proved to be 

prophetic since a range of miscibi l ity was studied. Copolymers with shorter 

b lock lengths display much better m iscibi l i ty than copolymers with longer 

block lengths. 

ATPAE lBPA)UBABB/BTOA Copolymers 

In  the next phase of the research, the PAE block remained the same 

but the structure of the P I  block changed. A new crystal l ine polyimide has 

been deve loped, LARC-CPI ,  which has exce l lent properties but is difficu lt to 

process. The diamine (BABB) used to prepare LARC-CPI  was prepared by 

react ing the FBB, which is one of the monomers used to prepare the PAE, 

with 4-aminophenol .  Therefore , the PAE and LARC-CPI contai n the same 

ary lene ether ketone segment i n  the polymer backbone. The presence of this 

u nit in both polymers should make the copo lymer more compat ib le and cou ld 

posssibly e l im inate the textu red surface on  fi lms of the longer block 

copo lymers. Si nce the PAE has lower melt viscosity compared to LARC-CPI ,  

an i mprovement i n  processabi l ity was expected . 

Four d ifferent block copolymers were prepared us ing ATPAE based 

on BPA and BABB/BTDA (the monomers used to prepare LARC-CPI )  each 

with blocks of 31 1 0  and 6545 g/mole for calculated Mns as shown in Figu re 

1 9 . As shown i n  Table 26, the copo lymers were prepared with the same 

molecu lar weight b locks as wel l  as with d ifferent molecular weight b locks as 

in  the previous sect ion .  Each of these copolymers was prepared using a 

stoichiometric ratio of o l igomers to produce highly viscous solutions.  The last 

copo lymer l isted in the table is a segmented copo lymer of the same 

composit ion as the ATPAE (BPA) 6545//BABB/BTDA 6545 block copolymer 
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Table 26 

Inherent Viscosity of ATPAE (BPA)//BABB/BTDA Copolymers 

Cooolvmer 

ATPAE (BPA) 31 1 0//BABB/BTDA 3 1 1 0  

ATPAE (BPA) 31 1 0//BABB/BTDA 6545 

ATPAE (BPA) 6545//BABB/BTDA 31 1 0 

ATPAE (BPA) 6545//BABB/BTDA 6545 

DMAc 

0 .63 

0 .87 

0 . 8 1  

0 .89  

ATPAE (BPA) 6545 + [BABB + BTDA (6545)] I 1 . 1 5  
Segmented 

*Measured at 25°C and 0 .5% concentrat ion 

Polyamic Acid llinh , dUg*  

NMP I m-Cresol 

0 .90  

1 .73 

1 .00 

1 .03 

0 .54 

0 .64 
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but prepared di fferently. Al l  the block copolymers were synthesized in  both 

DMAc and NMP and two were also synthesized in m-creso l .  The resu lti ng 

inherent v iscosit ies, which are shown in Table 26 range from 0.63 to 0 .89 

dUg i n  D MAc, from 0.90 to 1 .73 dUg i n  NMP and from 0.54 to 0.64 i n  m

cresol .  On occasion, some reactions i n  DMAc became very viscous and 

formed a ge l  with in  1 5  min, but sti rring overnight provided a clear v iscous 

so lut ion .  This ge lation did not occur for al l  reactions i n  DMAc or even on al l  

repetit ions of the same react ion.  The mechanism of ge lation i s  not ful ly 

u nderstood but is  bel ieved to be caused by the presence of some very h igh 

molecular weight po lymer causing many chain entanglements. Upon sti rri ng ,  

an equi l ibrat ion takes p lace, decreasing t he  molecu lar weight o f  these very 

long polymer chains as wel l  as decreasing the po lydispersity of the whole 

polymer. Si nce ol igomers of significant molecular weight are react ing,  it is  

obvious that on ly a few reactions are necessary to produce re latively h igh 

molecular weight polymer. Gelation  d id not occur i n  NMP or  m-cresol with 

any of the block copolymers. Si nce these solvents are considered poorer  

solvents for  the formation of poly(amic acids) , the DMAc solvent was expected 

to produce the h igher molecu lar weight polymer original ly. The i nherent 

viscosities shown in  Table 26 are for reactions after equ i l ibration .  Apparently 

the D MAc prepared polymers equi l ibrate to a lower viscosity than the NMP 

prepared po lymers. Viscosities over 1 .0 dUg are considered h igh  and  a 

viscosity of 1 .73 dUg for the ATPAE (BPA) 31 1 0//BABB/BTDA 6545 is very 

h igh .  Polymerizations i n  m-cresol gave the lowest v iscosities for any of the 

solvents used. The segmented copolymer at the bottom of the table was 

prepared on ly in DMAc. After gel l ing with in  1 5  min followed by sti rri ng 48 h to 

produce a solution ,  its Tlinh was 1 . 1 5  dUg.  
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Results from thermal characterizat ion of the copo lymers are shown in  

Table 27.  The Tgs and Tms ( in  parentheses) are l isted i n  co lumns below the 

solvent i n  wh ich the polymers were prepared. The solvent used for synthesis 

does not appear to have a large effect on  result ing po lymer Tg , as expected. 

However, the Tgs are sl ightly higher for shorter PAE block copo lymers ( 1 70 to 

1 78°C} compared to those with longer PAE blocks ( 1 64 to 1 68°C) .  As 

compatib i l i ty i ncreases and phase separat ion decreases, the copolymer Tg 

shou ld approach the average of the two homopolymer Tgs. Therefore, a 

random or  completely compatible b lock copolymer shou ld have a Tg of 

1 89°C. Si nce the polyimide port ion of the molecule is crysta l l ine ,  the Tgs in  

Table 27 probably represent the PAE portion  o f  the  copo lymer. Since the 

lower molecular weight blocks are more compatib le,  there is a larger i ncrease 

in Tg for the shorter block copo lymers ( 1 55 to 1 75°C} than for the longer block 

copolymers ( 1 55 to 1 65°C). For the ATPAE (BPA) 6545//BABB/BTDA 6545 

synthesized in  NMP, an obvious change in slope at 220°C occurred in the 

DSC t race . This is most l ikely due to the polyimide Tg . A s imi lar DSC t race 

was obtai ned from the ATPAE (BPA) 6545//BABB/BTDA 6545 segmented 

copolymer which also showed a Tg of 1 64°C and an obvious change in slope 

at 220°C. The melt ing poi nts for the copo lymers are shown in parentheses. 

Some copo lymers had two melt ing peaks so two numbers are reported. 

However, al l  melt ing peaks were broad, some contai n ing shou lders but not 

defi nite peaks at the lower melting points (335 to 343°C} for those reported. 

Although different Tms are given for copolymers from different solvents, it 

appears that there is no defin ite trend deve loping and, for a given copolymer, 

the Tm is  essential ly the same for either so lvent. Only s l ight differences in 

posit ion and i ntensity are noted for the melting peaks. 
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Table 27 

Thermal Characterizat ion of ATPAE (BPA)//BABB/BTDA Copolymers 

DSC Tg (Tm) ,  oca 
Coeol�mer  I DMAc I NMP 

ATPAE (BPA) 31 1 0//BABB/BTDA 31 1 0  I 1 75 1 75 
(354) (338,352) 

ATPAE (BPA) 31 1 0//BABB/BTDA 6545 I 1 70 -
(354) (358) 

ATPAE (BPA) 6545//BABB/BTDA 31 1 0  I 1 68 1 68 
(353) (335, 352) 

ATPAE (BPA) 6545//BABB/BTDA 6545 I 1 65 1 64 ,  220 
(335, 350) (343, 355) 

ATPAE (BPA) 6545 + (BABB + BTDA (6545)] 1 64 ,  220 -
Seg mented (338, 353) 

aMeasured at a heating rate of 20°C/min  after curing 1 h at 300°C 

bMeasured at a heating rate of 3°C/min  after curing 1 h at 300°C 

csolution imidized, toluene azeotrope at 1 55°C for 1 6  h 

I m-Cresol I 
1 78 

(335,352) 

-
-
1 68 

(343, 357) -

D MAcC 

1 75 
(363) 

1 82 
(370) 

1 65 
(368) 

1 65 ,  230 
(370) 

1 70 
(367) 

I TBA Tg, ocb 
DMAc 

I 1 93 

I 249 

I 1 85 

I 1 68, 205 

I 200 

...... 
N 
...... 



The last column in  Table 27 u nder DSC Tg (Tm) g ives data for 

polymers synthesized in  DMAc which were solut ion imid ized by add ing 

toluene to the reaction and heating to 1 55°C whi le col lect ing the 

toluene/wate r  azeotropic mixture instead of thermally imid ized to 300°C. 

Ho ld ing for 1 6  h at 1 55°C provided yel low inso luble powders. The most 

important i nformation i n  th is column is the higher Tms for solut ion imidized 

copo lymers. I n  polymers, h igher melt ing points may i ndicate a sl ightly h igher 

degree and/or more perfect crystal l i nity. A lthough not conclusive, th is data 

indicates that solut ion im idizat ion al lows for better al ignment of po lymer 

chains result ing i n  a h igher deg ree of crystal l i n ity. Others also have observed 

that so lution  imidization produces a h igher degree and/or more perfect 

crysta l l in ity than thermal imidization  i n  Pis ( 1  05). 

The last column i n  Table 27 g ives Tgs as measured by TBA on ly on 

copolymers prepared i n  DMAc. Th is mechanical measure of  Tg gives 

different resu lts from DSC and a wide range of temperatu res ( 1 68 to 249°C) . 

The ATPAE (BPA) 31 1 0//BABB/BTDA 31 1 0  g ives one peak in  the dampi ng 

curve i ndicat ing a t ransition at 1 93°C which was approximately the ave rage 

transit ion for the homopolymers. The ATPAE (BPA) 31 1 0//BABB/BTDA 6545 

displayed a t ransition  at 249°C, h igher t han either homopolymer Tg. This 

t ransit ion must be i nf luenced by the rig idity i n  the crystal l ine reg ions of the P I ,  

which is present i n  twice the  amount as  the  PAE. The ATPAE (BPA) 

6545//BABB/BTDA 31 1 0  had a transit ion at 1 85°C, sl ightly h igher than the 

calcu lated Tg from the ru le of mixtures ( 1 77.4°C) .  The ATPAE (BPA) 

6545//BABB/BTDA 6545 displayed two peaks in the damping curve at 1 68 

and 205°C. These transitions are approximately 1 5°C above and below the 

Tgs of the PAE and P I ,  respective ly i ndicating some incompatibi lity between 

the blocks at this molecular weight leve l .  The segmented copolymer 
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displayed a broad peak with a maximum at 200°C. A lthough the block 

copo lymer  of the same composition displayed two peak maxima, the breadth 

of the peaks are s imi lar. The absence of the two peaks may i ndicate that the 

segment�d copolymer is sl ightly more compatible than the block copo lymer of 

the same composition .  The TSA curves for the copolymers shown in  Table 27 

are included i n  the Appendix for reference. 

To study crystal l i n ity, wide angle x-ray scattering analysis was 

performed on cured f i lms of copolymers synthesized in DMAc. Result ing data 

i ndicated that t he block and segmented copolymer f i lms cured up to 300°C for 

1 h were crysta l l ine .  Judg ing by peak i ntensity and sharpness, t he ATPAE 

(SPA) 31 1 0//SASS/ STDA 6545 had the highest deg ree of crystal l in ity as 

expected due to its h igh im ide content. The ATPAE (SPA) 3 1 1 0//SASS/STDA 

31 1 0  had the second h ighest degree of crystal l in ity. The ATPAE (SPA) 

6545//SASS/STDA 6545 and the segmented copolymer of the same 

composition  appeared to have s imi lar amounts of crystal l i n ity but less than 

the previous two copo lymers. As expected, ATPAE (SPA) 6545//SASS/STDA 

3 1 1 0  has the least amount of crystal l in ity si nce it has the least amount of 

i mide present. Wide angle x-ray data was also taken on the ATPAE (SPA) 

6545//SASS/STDA 6545 powder which was solution i midized. Comparing 

this to the data from the thermally i midized fi lm of the same composition ,  its 

apparent t hat so lut ion im idizat ion produced the h igher  deg ree of crystal l i n ity, 

support ing the DSC i nterpretat ion .  Al l  x-ray diffraction patterns are i ncluded 

in  the Appendix for reference. 

Tensi le properties for the ATPAE ( SPA)//SASS/STDA copolymers are 

shown in Table 28. The properties are dependent on the re lative amounts of 

PAE and PI present i n  the copolymer. That is, fi lm  properties fol low a rule of 

mixtures. H igher im ide content leads to h igher strength and modulus whi le 
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Table 28 

Fi lm Properties of ATPAE (BPA)//BABB/BTDA Copolymers 

Tensi le Strength, Ksi (Modulus, Ksi) [E long ation ,  %] 

Polvmer 

ATPAE (BPA) 31 1 0//BABB/BTDA 31 1 0  

ATPAE (BPA) 31 1 0//BABB/BTDA 6545 

ATPAE (BPA) 6545//BABB/BTDA 31 1 0  

ATPAE (BPA) 6545//BABB/BTDA 6545 

ATPAE (BPA) 6545 + [BABB + BTDA (6545)] 
Seg mented 

RT 

1 5.0 (51 4) [3.5] 

1 6.2 (535) [3.8] 

1 3.2 (435) [8 . 1 ] 

1 4.2 (51 9)  [4.3] 

1 6 .0 (457) [6 . 1 ]  

93°C 1 77°C 

1 2.7  (449) [3.2] 3.4 ( 1 35) [38] 

1 4 .5  (51 6) [3.7] 5 .9  (304) [30] 

1 0.5  (433) [ 1 6 . 1 ]  1 .4 (36) [74] 

1 0 . 9  (437) [3.2] 2.7 (1 1 4) [49] 

1 2.7  (443) [3.8] 2.2 (85) [53] 
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h igher  ary lene ether content g ives lower st rength and modulus but h igher 

elongation .  For example, the ATPAE (BPA) 31 1 0//BABB/BTDA 6545 had the 

highest strength and modulus at each temperature tested, maintai n i ng 90% 

and 96% of its strength and modulus, respectively at 93°C and 36% and 57% 

of its strength and modulus at 1 77°C. In contrast, the ATPAE (BPA) 

6545//BABB/BTDA 31 1 0  had the lowest strength and modulus at al l  

temperatures tested, retai n ing on ly 1 1 % and 8% of i ts strength and modulus, 

respect ively at 1 77°C, but the h ighest e longation of the block copolymers. 

The other copolymers ,  which had equal amounts of imide and ary lene ether, 

disp layed properties i ntermediate to these extremes. Overal l  the copolymers 

had very good propert ies at 93°C but poor propert ies at 1 7JCC. 

Fracture toughness and energy were measured for the ATPAE 

(BPA)//BABB/BTDA copolymers and resu lts are reported in Table 29. The 

mo ld i ngs were prepared by placing so lut ion im idized powders in a sta in less 

steel  mold and heati ng in a hydraul ic press with electrical ly heated platens. 

The high molecular weight copolymers were molded at 380-390°C under 

300-500 psi  during - 0 .5  h .  These unopt imized conditions were sufficient, 

and possibly excessive, to produce void free moldings for measurement. The 

processi ng condit ions were not opt im ized since the molecu lar weight of the 

copolymers was not contro l led, and obtai n ing fracture toughness data was 

the major pu rpose here. Data from the table shows that the copolymers were 

ve ry tough,  with fracture energ ies rang ing from 22-44 in - lbs/i n2. As previously 

shown this value is calcu lated by squari ng the fracture toughness and 

dividing by modulus, in t his case obtai ned on f i lm samples. Si nce the moduli 

for the copolymers are d ifferent, there is not a d i rect corre lation between 

fractu re toughness and fracture energy. However, a t rend is  obvious i n  the 

data, especially for the fracture energy of the block copolymers. The trend is 

1 3 1  



Table 29 

Fracture Toughness and Energy of ATPAE (BPA)//BABB/BTDA Copolymers 

Fractu re Toughness Fractu re Energy 
Cooolvmer  K1c. si · '\fin. G1c. i n . - lbs/i n .2 

ATPAE (BPA) 31 1 0//1 ,3-BABB/BTDA 31 1 0  3370 22  

ATPAE (BPA) 31 1 0//1 ,3-BABB/BTDA 6545 3900 2 8  

ATPAE (BPA) 6545//1 ,3-BABB/BTDA 31 1 0  3930 36 

ATPAE (BPA) 6545//1 ,3-BABB/BTDA 6545 4760 44  

ATPAE (BPA) 6545 + (1 ,3-BABB + BTDA (6545)] 3350 25 
Segmented 

,_. 
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for i ncreasi ng fracture energy (and fracture toughness) with i ncreasi ng block 

length. The copolymer with two long blocks has twice the fracture energy (44 

in- lbs/i n2) as the copolymer with two short blocks (22 i n- lbs/in2) .  The 

copolymers with one long and one short block have intermediate values. The 

low values of the segmented copolymer compared to the ATPAE (BPA) 

6545//BABB/BTDA (6545) block copolymer were u nexpected and the reasons 

are not fu l ly u nderstood. When compari ng toughness data from the 

copo lymers to the homopolymers, i ts obvious that a "ru le of mixtures" 

calcu lat ion predicts numbers that are h igher than experimental data. The 

on ly copolymer with toughness intermediate to that of the homopolymers is 

the ATPAE (BPA) 6545//BABB/BTDA 6545. I n  any case, the fractu re 

toughness and energy for the copolymers are very h igh .  Examinat ion of the 

fracture surfaces of the compact tension specimen revealed a rough and 

h ig h ly crazed su rface. This surface is i ndicative of a fai lu re mechanism that 

absorbs energy by d istri buting it over a large su rface area with y ie ld ing i n  

contrast to  stable crack g rowth characteristic o f  brittle materials. 

The copo lymers were subjected to thermogravimetric analysis at 

2 .5°C/mi n  i n  both flowing ai r and n itrogen ( 1 5 m l/min )  and resu lts are shown 

in Table 30. The temperatu res at 5% weight loss are in the range of 420-

4500C in air and 440-490°C in n it rogen.  Therefore, the copolymers are a little 

less stable in both air and nitrogen than the homopolymers .  However, in both 

air and n it rogen the thermal stabi l it ies are very good. 

The resu lts of th is phase of the work were also very encourag ing .  An 

amorphous PAE and a semi-crystal l ine PI were used to prepare block 

copo lymers which were semi-crystal l ine.  The PAE and PI  blocks were 

compatible enough to produce good, clear f i lms with no su rface i rregu larities. 

The copolymers had very good mechan ical properties at RT and 93°C, 
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Table 30 

Thermogravimetric Analysis of ATPAE (SPA)//SASS/STDA Copolymers 

Co o l  mer 

ATPAE (SPA) 31 1 0/SASS/STDA 31 1 0  

ATPAE (SPA) 31 1 0//SASS/STDA 6545 

ATPAE (SPA) 6545//SASS/STDA 31 1 0  

ATPAE (SPA) 6545//SASS/STDA 6545 

ATPAE (SPA) 6545 + [SASS + STDA (6545)] 
Segmented 

aHeat ing rate of 2 .5°C/min 

Temperature ,a  oc at 5% 
Weight Loss 
A i r  N2 

420 

420 

425 

440 

450 

440 

450 

470 

480 

490 
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however properties at 1 77°C were poor. The copolymers could be 

compression  molded at high temperatu re and pressure and polymer 

toughness proved to be excel lent. 

ATPAE lBPFlUBABB/BTOA Copolymers 

I n  an effort to i ncrease the h igh temperature mechan ical properties of 

the block copolymers, the next phase of the work used the same P I  block but 

replaced the PAE block with another PAE that had a h igher Tg. The Tg of the 

previous PAE ( 1 55°C),  l imited high temperatu re mechanical properties well 

below the capabi l ity of the P I  block. The new PAE block has the same Tg 

(223°C} as the P I  and therefore should al low the maintenance of properties 

close to the capabi l ity of the Pl. 

Four different block copolymers were prepared using ATPAE based 

on BPF and BABB/BTDA each with b locks of 31 1 0  and 6545 g/mole for 

calcu lated Mns.  As shown i n  Table 31 , the copo lymers were prepared with 

the same molecu lar weight blocks as we l l  as with diffe rent molecular weight 

blocks as before . Each of these copo lymers was prepared us ing a 

stoichiometric ratio of o l igomers to produce highly viscous solut ions. The last 

two copo lymers l isted in the table are segmented copo lymers of the same 

composit ion as the two block copolymers with equal mo lecular weight blocks. 

All the block copolymers were synthesized in DMAc, N MP and m-cresol .  The 

result ing i n herent viscosities range from 0.35 to 1 .08 dUg in DMAc, from 0 .75 

to 1 .04 dUg in NMP and from 0 .61  to 0 .72 dUg in m-cresol .  Several 

polymerizat ions, as noted in Table 31 , became very v iscous and formed a ge l  

wit h i n  1 5  min wh ich dissipated upon heat ing to 60-80°C. Th is ge lat ion 

occurred in each of the th ree so lvents but not i n  the same react ion or even in 

a l l  repetit ions of the same react ion .  The mechanism of ge l  formation is not 
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Table 31 

I nherent Viscosity of ATPAE (BPF)//BABB/BTDA Copolymers 

Cooolvmer 

ATPAE (BPF) 31 1 0//BABB/BTDA 31 1 0  

ATPAE (BPF) 31 1 0//BABB/BTDA 6545 

ATPAE (BPF) 6545//BABB/BTDA 31 1 0  

ATPAE (BPF) 6545//BABB/BTDA 6545 

ATPAE (BPF) 31 1 0  + [BABB + BTDA (31 1 0)] 
Segmented 

ATPAE (BPF) 6545 + [BABB + BTDA (6545)] 
Seg mented 

aMeasured at 25°C and 0 .5% concentration 

D MAc 

1 .02 

1 .08 

0 .47b 

0 .35b 

bFormed a gel which dissipated upon heating to 60-80°C 

Polyamic Acid Tlinh.  dUga 

NMP m-Cresol 

0 .82 0 .6 1  

0 .75 0 .64  

1 .04 0 .6 1 b  

0 .96 0 .72 

1 . 00b 

0 .89b 
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fu l ly u nderstood but a possible explanation was discussed previously. The 

inherent vi scosit ies shown in  Table 31  are for reactions after heati ng to 

dissipate the gel . This heat ing process appears to have a sign i ficant effect on 

DMAc viscosities, resu lti ng i n  the low viscosities of  0 .35 and 0 .47 dUg ,  but  a 

less important effect on viscosities of copolymers made in  either  NMP or  m
creso l. With th is i n  mind,  the DMAc appeared to produce the h ighest i nherent 

v iscosities,  c losely fol lowed by NMP whi le m-cresol gave the lowest viscosity 

copolymers. However, upon curing 1 h at 300°C al l  copolymers produced 

tough ,  creasable f i lms. The segmented copolymers were prepared in on ly 

NMP but gave h igh viscosities even after warming to dissipate the ge l .  

Thermal characterization of the copolymers are shown in Table 32. 

The DSC Tgs and Tms (in parentheses) are l isted in columns below the 

solvent i n  which they were prepared. As expected, the solvent does not 

appear to have a large effect on  result ing polymer Tg since h igh molecu lar 

weight copolymer is  formed in  each of the so lvents used. Each copolymer 

displayed on ly one Tg si nce the Tgs of  the homopolymers were essential ly 

the same (222°C for the PI and 223°C for the PAE) but it occu rred at a sl ightly 

h igher temperatu re for the copolymers than for either homopolymer. The 

i ncrease in Tg of - soc was unexpected but may occu r from some chai n to 

chain interactio n  of PAE and PI blocks since curing cycles and t imes 

remai ned constant. Each of these DSC samples were films that had been  

cu red 1 h each at 1 00 ,  200 and 300°C which was the  same cure cycle used 

for the homopolymers. The last column u nder DSC shows results of 

measurements on powder samples which were solution imidized by 

col lect ing a toluene/water azeotropic mixture from a copo lymer solut ion i n  

DMAc held at 1 55°C for 1 6  h .  Except for a sl ight i ncrease in  Tg for the 

copo lymers with different length blocks, th is im idizat ion technique produced 
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Table 32 

Thermal Characterizat ion of ATPAE (BPF)//BABB/BTDA Copolymers 

Co o l  mer  DMAc 

ATPAE (BPF) 31 1 0//BABB/BTDA 31 1 0  228 
(335,352) 

ATPAE (BPF) 31 1 0//BABB/BTDA 6545 I 228 
(337,352) 

ATPAE (BPF) 6545//BABB/BTDA 31 1 0  I 227 
(345) 

ATPAE (BPF) 6545//BABB/BTDA 6545 I 228 
(353) 

ATPAE (BPF) 31 1 0  + [BABB + BTDA (6545)] ----
Segmented 

ATPAE (BPF) 6545 + [BABB + BTDA (6545)] - - - -
Seg mented 

aMeasured at a heating rate of 20°C/min  after curing 1 h at 300°C 
bMeasured at a heati ng rate of 3°C/min after curing 1 h at 300°C 
csolution i midized, to luene azeotrope at 1 55°C for 1 6  h 

DSC Tg (Tm) ,  oca 

NMP m-Cresol 

227 228 
(33 1 , 350) (332,360) 

227 225 
(332,352) (330 ,350) 

228 228 
(340,352) (338) 

228 232 
(347,357) (355) 

227 
(332,350) 

231  
(350) 

OM Ace 

223 I 
(365)  

225 I 
(372) 

227 I 
( ----) 

223 I 
(372) 

TBA Tg, ocb 

NMP 

233 

239 

229 

240 

....... 
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copolymers with the same Tg as the homopolymers. Whi le th is data is 

interest ing , more important d ifferences appear i n  the me lt ing poi nts of the 

thermally imidized copolymers from different solvents. Some copo lymers 

d isplay two me lt ing endotherms whi le others d isplay on ly one. However, al l  

melt ing peaks were broad, some contai n ing shou lders but not defin ite peaks 

in the un represented temperature range. The me lt ing peak posit ion and 

i ntensity for polymers can be affected by many variables such as molecular 

weight ,  residual solvent, thermal h istory,  etc. and it wou ld not be justi fiable to 

conclude that the different so lvents were responsible for the d ifferences in 

Tms discussed here. The so lution imidization technique, however, produced 

on ly  s ing le Tms and at temperatures h igher than the thermal im idization  

technique. The  DSC trace o f  ATPAE (BPF) 6545//BABB/BTDA 31 1 0  d id  not 

have a me lti ng peak present but there was an obvious change in s lope in the 

365 to 375°C range. Possibly, since the po lyi mide component was the minor  

component i n  the system,  th is  technique was not sensit ive enough to show a 

me lti ng peak but did show the presence of a melt by the change in  slope. The 

discussion concern ing crystal l in ity i n  the ATPAE (BPA)//BABB/BTDA block 

copo lymers is valid for these block copo lymers since the crystal l i ne  PI block is 

the same. 

The last column i n  Table 32 g ives copolymer Tgs as measured by 

TBA on ly on  copolymers prepared in NMP.  This mechanical measure g ives 

d ifferent resu lts from DSC and a re lative ly wide range of temperatures (229-

2400C). The lowest Tg was for the ATPAE (BPF) 6545//BABB/BTDA 31 1 0  i n  

which the major component is  t he  amorphous PAE. The next lowest Tg was 

for the copolymer contain ing both blocks of 31 1 0  g/mole. The other two block 

copolymers, which contai n  the long PI block, had Tgs 1 6- 1 7°C above the Tg 

of the homopolymers. Apparently the crystal l ine reg ions in the poly imide 
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blocks s ign i ficantly i ncrease the TBA Tg for copo lymers with long PI b locks 

whi le  causing on ly a modest i ncrease for copolymers with shorter PI blocks. 

The TBA Tg of the ATPAE (BPF) 31 1 0  + [BABB + BTDA (31 1 0)] segmented 

copo lymer was 232°C, essential ly equivalent to the Tg of the corresponding 

b lock copolymer. The Tg by TBA of the ATPAE (BPF) 6545 + [BABB + BTDA 

(6545)] segmented copolymer was 233°C or 7°C below the Tg for the 

co rrespondi ng b lock copolymer. Th is  d ifference may be due to structural 

variat ions due to the differences in synthesis providi ng less crystal l in ity i n  the 

segmented version ( lower Tg by TBA) than the block copo lymer. TBA curves 

fo r all copolymers shown in the table are i ncluded in the Appendix fo r 

refe rence. 

Wide ang le x-ray scatteri ng analysis was performed on each of the 

copo lymers and diffract ion patterns are i ncluded i n  the Appendix for 

refe rence. Judging by the peak i ntensit ies, the copolymers with longer im ide 

blocks were more crystal l ine than those with sho rter im ide blocks, as 

expected. Also, the segmented copo lymers appeared to be less crystal l i ne 

than the block copo lymers of the same composit ion .  This evidence supports 

the previous d iscussion i n  that the block copolymer had a h igher Tg by TBA 

than the segmented copo lymer of the same composition .  DSC data i ndicates 

that the copo lymers do not recrystal l ize after heating above the Tm . To 

prepare moldi ngs, the copo lymers must be heated above Tm for complete 

consol idat ion .  Therefore, x-ray diffract ion was performed on copolymers that 

were molded at several d ifferent temperatu res. Figure 20 shows the x-ray 

diffract ion pattern for the solut ion i midized ATPAE (BPF) 31 1 0//BABB/BTDA 

31 1 0  copo lymer powder i ndicating a h igh deg ree of crysta l l in ity. Fig u res 2 1  

and 2 2  are for the same copolymer molded 0 . 5  h at 320°C and 380°C, 

respectively. Molding at 320°C mai ntains crystal l in ity but does not produce 
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Figure 20. X-ray diffraction pattern for solution 
imidized ATPAE (BPF) 3110//BABB/BTDA 
3110 copolymer powder. 
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Figure 22. X-ray diffraction pattern for solution 
imidized ATPAE (BPF) 3110//BABB/BTDA 
3110 copolymer molded 0.5 h at 380 ° C. 
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consol idated mo ldings wh i le molding at 380°C e l im i nates crysta l l i n ity but 

produces consol idated moldi ngs. Again ,  the crysta l l in ity is not recoverable 

after anneal ing 2 h at 31 0°C. 

Tensi le propert ies for the ATPAE (BPF)//BABB/BTDA copolymers are 

shown in Table 33. The RT tensi le strengths for the block copo lymers range 

from 1 3 .0 to 1 5.9  Ksi whi le the tensi le moduli range from 408 to 489 Ksi . The 

ATPAE (BPF) 31 1 0//BABB/BTDA 31 1 0  has the lowest strength but the highest 

modu lus whi le ATPAE (BPF) 6545//BABB/BTDA 6545 has the highest 

strength and the lowest modu lus at RT. The elevated temperature properties 

cont inue this trend for modulus, with ATPAE (BPF) 31 1 0//BABB/BTDA 31 1 0  

mai ntai n ing the highest modu lus and the ATPAE (BPF) 6545//BABB/BTDA 

6545 havi ng the lowest modu lus.  However, unexpectedly the copolymer with 

the h ig hest RT strength has the lowest strength at both 93 and 1 77°C .  Un l ike 

the previous copo lymers, the tensi le prope rties of the copolymers discussed 

here do not fol low a ru le of mixtures. That is, the copo lymer with the h ighest 

i m ide content does not have the h ighest strength and modu lus and the 

copo lymer with the highest ary lene ether content does not have the highest 

e longation fo r unknown reasons. The most impo rtant i nformation from the 

table is the excel lent retention of properties at 1 77°C. The fi rst three b lock 

copo lymers l isted in Table 33 retained a lmost 60% of the ir  tensi le strength 

and 90% of their modulus when tested at 1 77°C. As expected, this retention 

of properties at 1 7rC is much better than for the previous copo lymers which 

contai ned a PAE block with a s ignificantly lower Tg . The segmented 

copo lymers had tensi le prope rties sl ightly poorer  t han the corresponding 

block copo lymers. There appears to be a s l ight penalty i n  mechan ical 

performance for the seg mented versus block copo lymer architecture.  
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Table 33 

Fi lm Properties of ATPAE (BPF)//BABB/BTDA Copolymers 

Tensi le Strength, Ksi ( Modulus, Ksi )  [Elongation,  %] 

Pol mer  Rf 93°C 1 7JCC 

ATPAE (BPF) 31 1 0/11 ,3-BABB/BTDA 31 1 0  1 3.0 (489) [3.3] 1 3.0 (452) [3.6] 7.6 (442) [2 .5] 

ATPAE (BPF) 31 1 0//1 , 3-BABB/BTDA 6545 1 5.0 (480) [4. 1 ] 1 3.3 (428) [4.5] 8 .6 (435) [5.9] 

ATPAE (BPF) 6545//1 , 3-BABB/BTDA 31 1 0  1 4.7 (425) [5.0] 1 2 .8 (41 5) [4.6] 8 .2 (379) [3.2] 

ATPAE (BPF) 6545//1 , 3-BABB/BTDA 6545 1 5.9 (408) [6.0] 1 1 .6 (354) [4.8] 7.3 (331 ) [3.0] 

ATPAE (BPF) 31 1 0  + [1 ,3-BABB + BTDA (31 1 0)] 1 3.2  (427) [3.7] 1 1 .5 (406) [9 .2] 6 .2 (367) [7. 1 ]  

Segmented 

ATPAE (BPF) 6545 + [ 1  ,3-BABB + BTDA (6545)] I 1 2.8 (409) [4 .8] I 1 1 .5 (355) [8. 1 ] I 7.5 (357) [2.9] 

Seg mented 
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Fracture toughness and energy were measured for the ATPAE 

(BPF)//BABB/BTDA block copo lymers and resu lts are reported in Table 34. 

The moldings were prepared by heat ing solution im idized powder in a mold 

at 380-390°C u nder 300 to 500 Psi during - 0.5 h .  The molding conditions 

were again not optimized since the molecu lar weight of the copolymers was 

not contro l led. However, void free mold ings were produced and tested to 

obtai n fracture toughness data. The fou r  b lock copo lymers shown i n  Table 34 

were toug h with fracture toughness ranging from 1 670 to 1 950 Psi · "'in and 

fractu re energy rang i ng from 5.7 to 8.8 i n · lbs/i n2. The ATPAE (BPF) 

31 1 0//BABB/BTDA 31 1 0  had the lowest fracture toughness and fractu re 

energy wh i le the other  three were comparable. These values are wel l  below 

a ru le of m ixtures calcu lat ion using the data for homopolymers (BABB/BTDA 

K1c = 4890 Psi · 'Yin and FBB/BPF K1c= 2400 Psi · '\fin) but are sti l l  relatively 

good since the homopolymers are so tough or ig inal ly .  Exami nat ion of the 

fracture surlaces of the compact tens ion specimen revealed a re latively 

smooth su rlace with no i ndicat ion of crazi ng as i n  the previous block 

copolymers .  It is obvious from the examinat ion that these block copolymers 

are not as tough as the copo lymers discussed previously. 

The copolymers were also analyzed by thermogravimetric analysis at 

2 .5°C/m in  i n  both flowing ai r and n itrogen  ( 1 5 m l/m in )  and resu lts are shown 

in Table 35. The temperatures at 5% weight loss are in  the range of 4 1 0 to 

490°C i n  air and 425 to 495°C i n  nitrogen .  The thermal stabi l i ty of the 

copo lymers is very good for proposed use temperatu res but lower than the 

homopolymers .  

The resu lts of th is phase of the work were again encourag ing .  A new 

series of block copo lymers were prepared i n  which the amorphous PAE block 

had a h igh Tg (223°C, equ ivalent to that of the P I )  and the PI block was semi-
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Table 34 

Fractu re Tough ness and Energy of ATPAE (BPF)//BABB/BTDA Copolymers 

Fracture Toughness Fracture Energy 
Pol mer  K1c. si • fn. G1c. i n . - lbs/in . 2 

ATPAE (BPF) 31 1 0//1 ,3-BABB/BTDA 31 1 0  1 670 5.7 

ATPAE (BPF) 31 1 0//1 ,3-BABB/BTDA 6545 I 1 950 I 7.9 

ATPAE (BPF) 6545//1 ,3-BABB/BTDA 31 1 0  I 1 940 I 8 .8  

ATPAE (BPF) 6545//1 ,3-BABB/BTDA 6545 I 1 860  I 8.5 

...... 
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Table 35 

Thermogravimetric Analysis of ATPAE (BPF)//BABB/BTDA Copolymers 

Co o l  mer  

ATPAE (BPF) 31 1 0//BABB/BTDA 31 1 0  

ATPAE (BPF) 31 1 0//BABB/BTDA 6545 

ATPAE (BPF) 6545//BABB/BTDA 31 1 0  

ATPAE (BPF) 6545//BABB/BTDA 6545 

ATPAE (BPF) 31 1 0  + [BABB + BTDA (31 1 0)] 
Segmented 

ATPAE (BPF) 6545 + [BABB + BTDA (6545)] 
Segmented 

Temperatu re ,  a oc at 5% 
Weight Loss 

Ai r N2 
440 495 

480 525 

400 445 

440 475 

460 500 

4 1 0  475 

aHeat ing rate of 2 .5°C/min i n  atmosphere flowing at 1 5  m l/min 
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crystal l i ne .  The copo lymers had very good mechan ical properties at RT and 

93°C and most had exce l lent retention of propert ies at 1 77°C. The thermal 

stabi l i ty is very good for the proposed use temperature and toughness is good 

for translat ion i nto composites. One block copo lymer, ATPAE (BPF) 

31 1 0//BABB/BTDA 31 1 0, was se lected for contro l led molecular weight and 

end-capping studies due to an overa l l  attractive combinat ion of properties. 

One important reason for se lecting this copo lymer for addit ional work was the 

exce l lent modulus at both RT (489 Ksi ) and 1 77°C (442 Ksi ) .  The resin 

modu lus is critical i n  obtai n ing good composite properties because the 

composite matrix must support the fibers and transfer loads from one f iber  to 

the next ( 1  06) . Also, th is particular block copolymer is 50% PAE and 50% P I ,  

so  possibly t he  more easily processed PAE segment wi l l  provide a copo lymer 

that is more easi ly processed than the BABB/BTDA polyimide. 

Control led Molecular Weight Copolymers 

In  an effort to make ATPAE (BPF) 31 1 0//BABB/BTDA 31 1 0  with 

improved processabi l ity, the copo lymer was synthesized at a contro l led 

molecu lar weight by offsetti ng ol igomer stoichiometry .  By using a 2 : 1  rat io  of 

BABB/BTDA 31 1 0  to ATPAE (BPF) 31 1 0 , a block copolymer of - 9300 g/mole 

was prepared and designated P I/PAE/P I (31 1 0) identify ing the average chain 

composit ion .  When a 2:1 rat io of ATPAE (BPF) 31 1 0  to BABB/BTDA 31 1 0  

was used, a block copo lymer of - 9300 g/mole  was prepared and designated 

PAE/PI/PAE (31 1 0) again identifyi ng the average chain composition .  Table 

36 shows data for the two copo lymers as well as solut ion i midized (SI after 

designation)  powders of t he two copolymers. I nherent v iscosities are 

essentia l ly equivalent as expected and Tgs are s im i lar except for the 

PAE/P I/PAE (31 1 0) S l  which has a sl ightly h igher Tg of 225°C. Tgs by TBA 
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Table 36 

Contro l led Molecu lar Weight Copolymers 

Copolymer llinh . dUga DSC Tg (Tm) ,  ocb TBA Tg, oca 

P I/PAE/PI (31 1 0) 

P I/PAE/PI (31 1 0) S l  

PAE/PI/PAE (31 1 0) 

PAE/PI/PAE (31 1 0) Sl 

0 .46 

0 .45 

2 1 8 (362)d 

2 1 7 (363)e 

21 7 (377)d 

225 (342)e 

aMeasured in NMP at 25°C and 0 .5% concentration 
bMeasured at a heati ng rate of 20°C/min  

228 

233 

CMeasured data heat ing rate of  3°C/min after cu ring 1 h at 300°C 
dfi lm cu red to 300°C 
esolut ion im idized, toluene azeotrope at 1 55°C for 1 6  h 
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are sl ightly h igher than DSC Tgs, which also occurred for the h igh molecular 

weight versions. Moldings were prepared at 380°C under 500 psi and 

fracture toughness and energy were measured as shown in  Table 37. The 

block copolymer with higher imide content had both higher fracture toughness 

and energy than the copo lymer with h igher ary lene ether content. The 

modulus used in  the calcu lation was from f i lm test ing of the h igh molecular 

weight version of the same system. Table 38 shows room temperature Ti/Ti 

tensi le shear strength data. When processed at 380°C under 300 psi , the 

P I/PAE/PI (31 1 0) had fai r  strength wh i le  the PAE/PI/PAE (31 1 0) strength was 

very low and polymer flow was very poor. H igher temperatures and 

pressures produced better  strengths but sti l l  unacceptable fai l u re modes. 

Si nce the copolymers were not g ivi ng good values and high pressures were 

requ i red, it was bel ieved that react ions either i ncreasi ng mo lecular weight or  

crossl i nking were occurri ng .  Measurement o f  the melt viscosity a t  400°C for 

the two block copolymers was attempted but proved unsuccessfu l .  The 

viscosit ies never stabi l ized but kept i ncreasi ng with t ime i nd icat ing that 

react ions lead ing to chain extension or  crossl i nking were occu rri ng .  

Therefore, it was decided that the copo lymers must be end-capped to 

produce melt stable materials. 

End-Capped Copolymers 

Due to the h igher fracture toughness of the P I/PAE/PI (31 1 0) 

copolymer, th is  composition was selected for fu rther end-cappi ng studies. 

This material was prepared as before but a fi nal step of addition  of a specific 

amount of an i l ine produced phenyl terminated copolymers from the 

previously anhydride termi nated copolymers. End-capping with phenyl  

g roups provided unreactive terminal g roups and,  therefore melt stable 
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Table 37 

Fracture Toughness and Energy of Contro l led Molecular Weight Copolymers 

Pol  mer  

P I/PAE/PI (31 1 0 )  

PAE/PI/PAE (31 1 0) 

Fracture T�uQ!J.ness 
Ktc. SI•"YTn . 

2080 

1 720 

Fracture Energy 
Gtc. i n . - lbs/in . 2 

8 .9  

6 . 1  
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Table 38 

Room Temperature Ti!Ti Tensi le Shear Strength of Contro l led Molecular Weight Copolymers 

Cooolvmer 

PI/PAE/P I (31 1 0) 

PAE/PI/PAE (31 1 0 )  

300 Psi at 380°C 

2465 (50%) 

830 (0%) 

Bonding Condit ions 

soo Psi at 400°C 2000 Psi at 385°C 

1 350 (0%) 2380 (90%) 

,_. 
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copolymers .  The copolymer was prepared twice, fi rst i n  the powder form by 

solut ion  i midiz ing and designated <J>-PI/PAE/P I-<1> (31 1 0) S l  and second as a 

poly(amic acid) solution and designated <J>-P I/PAE/PI-<1> (31 1 0) for f i lm cast ing .  

Characterization  data of the copo lymers is shown in  Table 39 .  The i nherent 

v iscosity of 0.47 dUg is essentially equivalent to that of the molecu lar weight 

contro l led copolymer lacking end-caps described previously. The 

copo lymers had the same Tg at 2 1 2°C but d ifferent Tms. The <J>-PI/PAE/PI-<1> 

(31 1 0) Sl melt ing point was 382°C, which is  1 2°C higher than for the 

thermal ly im idized copolymer. Simi lar results were seen for the h igh 

molecu lar weight material. The next column in  Table 39 g ives the 

recrystal l izat ion peak temperature which occurred on the second DSC scan 

after quenching the copolymer samples from 400°C on a RT metal surface. 

This is  the fi rst example of any copolymers studied which would recrystal l ize 

afte r heating above the orig i nal  melt ing poi nt. The recrystal l ization peak 

maxima were at 300°C for the solution imidized copo lymer and at 31 ooc for 

the thermal ly imidized copo lymer. Both peaks were very sharp, i ndicat ing a 

rapid recrystal l ization process. The abil ity to recrystal l ize is important s ince 

processi ng must occu r above the original Tm, producing an amorphous 

material wh ich can be annealed to recrystal l ize, thereby i ncreasi ng selected 

properties. The thermal stabi l ity in both ai r and nitrogen is very good for both 

copo lymers .  

The <J>-P I/PAE/P I-<1> (31 1 0) S l  powder was placed i n  a small mold and 

heated to 380°C under 1 00 psi for 1 5  min. The molding produced was fu l ly 

consol idated and a significant amount of molding flash was produced. This 

informat ion was encou raging si nce the copo lymer flowed so well at th is low 

pressu re (previous moldi ngs were prepared at 500 psi) indicating that they 

could probably be processed at even lower pressu re . However, the molding 
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Table 39 

Characterizat ion of <)>-P I/PAE/PI-<1> (31 1 0) Copolymers 

aMeasured in  NMP at 25°C and 0 .5% concentration 
bMeasured at a heating rate of 20°C/min  
CHeati ng rate o f  2 .5°C/min  i n  atmosphere flowing at 15  ml/min 
dFi lm cured 1 h each at 1 oo, 200 and 300°C 

...... 
<..n 
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was extremely britt le and fractu red u nder very little stress. The fractu re 

toughness was not measured but would have been extremely low due to the 

low molecular weight. The previous copolymers prepared at the same 

molecu lar weight but not end-capped were tough (Gic = 6-9 in - lbs/i n2) but the 

toughness must be attributed to an i ncrease in  molecu lar weight during the 

mold ing process. Because of the britt leness i n  the - 9300 g/mole end

capped copolymers, it was decided that a higher molecular weight version 

wou ld have a better balance of properties. 

The next logical increase in molecular weight is to the copo lymer 

contai n i ng f ive blocks of 31 1 0  g/mole to g ive a Mn "' 1 5,550 g/mole. 

Synthesis of th is copo lymer is  accompl ished by using a 3:2 ratio  of 

BABB/BTDA (31 1 0) to ATPAE (BPF) 31 1 0  fol lowed by addition of an 

appropriate amount of an i l ine to end-cap, produci ng a copo lymer designated 

<j>-P I/PAE/PI/PAE/P I-<j> (31 1 0). As before , the same copo lymer solut ion 

im idized is designated the same as above fo l lowed by S l .  

Characterizat ion o f  t h i s  end-capped copolymer i s  presented in  Table 

40. Several copolymer batches were prepared at 20% sol ids content and 

i nherent viscosity ranged from 0.54 to 0 .58 dUg.  This is h igher than the 

viscosity of the previous copolymer (0.47 dUg)  as expected. Results from 

DSC are l isted in Table 40 and actual DSC curves are shown in F igures 23 

and 24 for the solut ion imidized and the thermal ly i midized copolymers, 

respectively. It is seen from the table that the Tgs are essential ly the same 

whi le melt ing and recrystal l izat ion peak posit ions are different.  The soluti on 

im idized copolymer melts 7°C h igher  (as expected) and recrystal l izes 1 5°C 

lower than the thermally im idized copolymer. Examinat ion of the figu res 

reveals differences other  than just the peak positions shown in  Table 40.  

Each figu re has two curves, the top curve is the 1 st scan to 400°C fol lowed by 
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Table 40 

Characterization of <J>-PI/PAE/PI/PAE/PI-<1> (3 1 1 0) Copolymers 

aMeasured i n  NMP at 25°C and 0 .5% concentrat ion 
bMeasured at a heati ng rate of 20°C/min  
CHeati ng rate of 2 .5°C/mi n  i n  atmosphere flowing at  1 5  ml/min 
dRange of  viscosity for  different batches 
eFi lm cured 1 h each at 1 00, 200 and 300°C 

..... 
Ul 
......, 



1 st 

EXO 

r 
�T 

l 2nd 

ENDO 

0 50 

225 
Quenched 

1 00 1 50 

305 

21 7 

200 250 300 350 
Temperature, oc 

372 

400 

Figure 23. DSC curves for <!> -PI/PAE/PI/PAE/PI- <j> (3110) 
solution imidized powder. 
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EXO 

I 
�T 

1 2nd 

ENDO 

0 50 

223 
Quenched 

320 

368 

1 00 1 50 200 250 300 350 400 
Temperature, oc 

Figure 24. DSC curves for <f> -PIIPAE/PIIPAE/PI- <f>(3110) 
thermally imidized film. 
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quench ing and the bottom curve is the same sample rerun after quenching.  

The solut ion im idized powder was run after d ry ing i n  air at 1 1  ooc and the 

thermal ly im idized sample was from a f i lm cured 1 h each at 1 00, 200 and 

300°C. The Tgs have shifted 5-8°C lower on the second run ,  which is when 

the copo lymer is completely amorphous. Also, the recrystal l ization  peak for 

the solut ion im idized copolymer is  larger and sharper than for the thermal ly 

i m idized copolymer. Furthermore, the subsequent melti ng peak is more 

intense i ndicating a h igher amount of crystal l in ity i n  the solut ion im idized 

copo lymer as expected from previous data on h igh molecu lar weight 

copolymers. DSC instrument sett ings are the same in  both figures and 

sample size is larger ( 1 2 .4  mg vs 9.9 mg) for the thermal ly im idized 

copo lymer. The last co lumn in Table 40 shows that TGA data and thermal 

stabi l it ies are again very good. 

Moldi ng the copolymer at 380°C and 1 00 psi for 1 5  min produced a 

good, consol idated mold ing with a small amount of molding flash ,  i ndicati ng 

that the processi ng condit ions were adequate but not excessive. Compact 

tension specimens were cut from th is molding and tested for fracture 

toughness and energy. The resu lt i ng fracture toughness (K ic) was 455 psi 1in 
and fracture energy (G ic) was 0 .42 in  · lbs/i n2 . These values were lower than 

desired but increasing toughness by increasing molecular weig ht would 

compromise processabi l ity. Therefore , a decision was made to conti nue work 

with th is system. 

Ti/Ti tens i le shear strength was measured for the q,-P I/PAE/PI/PAE/P I-

4> (31 1 0) copolymer with results l isted in  Table 4 1 . The g lass scrim cloth was 

coated with a 20% solids solution of the copo lymer in NMP and dried 1 h 

each at 1 00 and 200°C to convert most of the poly(amic) acid to polyimide 

and to remove the solvent. Approximately 1 0  coats were requ i red to produce 
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Table 41  

Adhesive Properties of <)>-P I/PAE/P I/PAE/P I-<1> (31 1 0) Copolymer 

Ti/Ti Tensi le Shear Strength ,a  Psi 

Test 200 Psi , Then 200 Psi ,  Then 
Tem e rature 200 Psi Annealed 1 6  h at 31 ooc A ed 1 00 h at 31 6°C 

RT 5050 (Coh )  4950 (Coh)  4200 (Coh )  

93°C I 4950 (Coh)  4850 (Coh)  --
1 7JOC 3350 (Coh)  4250 (Coh)  3700 (Coh )  

232°C 300 (Ad) 1 1 00 (Ad) 1 250 (Ad) 

aAII samples bonded at 380°C for 20 min under l isted pressu re 
b(Coh) = cohesive fai lu re ,  (Ad) = adhesive fai lu re 

1 00 Psi 

5050 (Coh) 

4850 (Coh) 

3550 (Coh) 

,_. 
0'> 
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a 1 2  m i l  th ick boardy tape. A l l  samples l isted i n  the table were heated to 

380°C under the pressure l isted and held at 380°C for 20 min .  The fi rst 

co lumn shows the as prepared 200 psi data which was excel lent from RT to 

1 77°C and poor at 232°C. In an effort to increase the adhesive properties at 

232°C, samples were annealed for 1 6  h at 31 ooc to i nduce crystall in ity. The 

second column  shows that anneal ing under these conditions i ncreases 

tensi le shear strength at both 1 77 and 232°C whi le maintai n ing exce l lent 

values at RT and 93°C. To gain information on thermal stabi lity of the 

adhesive , samples were aged 1 00 h at 31 6°C. This ag i ng produces a s l ight 

decrease in  RT propert ies but an i ncrease in  1 77 and 232°C strength when 

compared to the as prepared samples. Ag i ng produces higher amounts of 

crysta l l i n ity, i ncreasi ng high temperature properties, but most l ikely reduces 

toughness result ing in sl ightly lower RT strength .  Overal l  these resu lts are 

exce l lent and the 232°C values of over 1 000 psi were i mpressive considering 

the copolymer Tg was - 220°C. Examinat ion of the adhesive samples 

showed the adhesive had flowed very wel l  and the pressure applied during 

bonding may have been excessive. Therefore, additional adhesive samples 

were prepared under the same condit ions except the pressure was reduced 

from 200 psi to 1 00 psi . The last column in Table 41 g ives these results 

i ndicat ing that 200 psi is not necessary to produce excel lent strength in Tiffi 

tensi le shear speci mens. To study the effect of processi ng temperatu re on  

adhesive strengths, samples were prepared at 340 and  360°C under 1 00  psi 

for 20 min .  Result ing tensi le shear strengths were 450 and 1 850 psi, 

respectively. As expected, to obtain good adhesive values, temperatures 

above the melti ng point of the copolymer (- 375°C) were requ i red. 

U nidi rectional composites using Hercules AS-4 g raphite f iber and q,

PI/PAE/P I/PAE/PI-<1> (31 1 0) were prepared . Prepreg was fi rst prepared by 
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coating the fiber with a 20% so l ids copolymer solution i n  N MP but the amount 

of resin on  the fiber was low at 31 .7%. Desi rable resin content of prepregs is 

36-38% which typical ly produce composites with the desired 32-34% resi n 

content. There are several methods to i ncrease t he amount of resi n appl ied 

to the f iber such as i ncreasing the d ie size and i ncreasing the concentration of 

the polymer so lution .  The next die size available was much larger than 

necessary, so the solut ion concentrat ion was changed. A large amount of 

20% solids solut ion had been prepared and a 25% so lut ion was needed, so 

an equal amount of 30% so lids copolymer i n  N MP was prepared and 

combined with the 20% solut ion .  The resu lti ng 25% sol ids solution produced 

prepreg with 36.3% and 37.7% resi n on consecutive runs,  with in  the range 

desired,  unde r the condit ions discussed in the experimental . Un id i rect ional 

composites were prepared in a 3 in. x 3 in. stain less steel mold by heating to 

380°C under 300 psi and ho ldi ng at temperature and pressure for 1 5  m in .  

Ten p ly  composite panels were prepared for flexural specimen (- 0.075 i n .  

th ick) and  1 8  ply composite panels were prepared for short beam shear 

specimen (- 0 . 1 25 in. thick). Resu lts from flexu ral and short beam shear tests 

are shown in Table 42. The flexural properties were measured at RT, 93°C 

and 1 77°C whi le short beam shear strength was also tested at 232°C. The 

f lexural  strength of 2 1 6 ,000 psi is very good for a thermoplastic matrix  

composite and retention of flexu ral strength at  e levated temperatu re is  

exce l lent (> 77% strength retent ion of 1 77°C} .  The flexural modulus is also 

very good at RT and retention of modulus at elevated temperatu re is 

exce l lent.  The short beam shear strengths were measured on the as 

prepared composite and on composite which had been annealed for 1 6  h at 

31 0°C. The properties from the as prepared composite are very good at RT 

and 93°C but decrease rapidly from 1 77°C and higher. Samples annealed to 
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Test 
Tern eratu re 

RT 

93°C I 
1 77°C 

232°C 

Table 42 

Composite Properties of <j>-PI/PAE/PI/PAE/PI-<1> (3 1 1 0) Copolymer 

Short Beam Shear Strength, Psi 

Flexu ral F lexural I Stren th ,  Psi Modu lus,  Psi As Pre ared Annealed 1 6  h at 31 ooc 

2 1 6 ,000 1 7.0 X 1 06 1 0 ,700 I 1 0 , 1  00 

1 98 ,000 1 6 .4 X 1 06 9 ,400 9 , 300 

1 67,000 1 6.5 X 1 os 6 ,700 8 ,300 -- I -- I 1 ,400 I 5 ,600 

..... 
(J) 
.too 



i nduce crystal l in ity had simi lar properties to the u nannealed samples at RT 

and 93°C, but much better short beam shear strengths at 1 77°C and 232°C 

than the as prepared sample. 

1 65 



CONCLU S IONS 

A series o f  novel poly imide/poly(arylene ether) copolymers have been 

prepared. Two different polyimides and two different poly(ary lene ethers) ,  

wit h block molecu lar weights of 31 1 0  and 6545 g/mole, were used to prepare 

the block and segmented copolymers .  One polyimide was semi-crystal l ine 

which led to semi-crystal l ine copolymers .  Copolymers displayed very good 

mechan ical properties, excel lent fracture toughness and very good thermal 

stabi l ity. One block copo lymer was selected, because of an overal l  excel lent 

combinat ion of properties, for end-capping molecu lar weight contro l  studies 

and evaluat ion as an adhesive and graphite composite matrix .  The 

processabi l ity of the end-capped copo lymer was good, showing an 

improvement over the polyimide homopolymer, and adhesive and composite 

properties were very good. 
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