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Full Paper: A seriesof new strictly alternatingpoly(o-
hydroxy amide-imide)swith high molecularweight were
synthesizedby low-temperaturesolution polycondensa-
tion from the preformed imide ring and methyl- or
dimethyl-substituteg)-phenylene-containindiacyl chlor
idesof 2,5-bis(trimellitimido)tolueneor 1,4-bis(trimelliti-
mido)-2,5-dimethylbenzen@nd three bis(o-amino phe-
nol)s. All the poly(o-hydroxy amide-imide)sare readily
solublein a variety of organicsolventssuchasN-methyl-
2-pyrrolidone (NMP) and N,N-dimethylacetamide
(DMAC). Transparenandflexible films of thesepolymers
were castfrom NMP solutions.The tensilestrengthof the
films rangesfrom 90—105MPa and elongationat break
from 7—-12%. Subsequerthermalcyclodehydratio of the
poly(o-hydroxy amide-imide)safforded novel rigid-rod
and strictly alternating poly(benzoxazole-imide)sThey
exhibit glasstransitiontemperaturen the rangeof 316—
345°C andarestableup to 500°C in air or nitrogen,with
a 10% weight loss temperaturdn nitrogenrangingfrom
550-585°C.
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Intr oduction

Wholly aramatic heterocylic polymershavebeeninves-
tigatedfor highperformance application.Aromatic poly-
imidesarewidely usedin the semicondictor andelecto-
nic packagingindustry becawse of their outstanéhg ther
mal stability, goodinsulation properteswith low dielec
tric constant, goodadhesiorto commonsubstratessuper
ior chenical stability*?. Aromatic polybenzoxazols are
also a classof heterocylic polymers that exhibit excel
lent thermooxdative stability, high tensike modulus and

strength, and superio chemical resistancg®. A few
rigid-rod polybenoxazoleshave beenreportedto have
potential for fabricaion of high-moduus, high-stremgth
fibers>®. However like aramatic polyimides, they are
gererally difficult to processhecae of their poa ther
mal procesility and poor solubility in conventonal
organic solvents.As a consguence,potential apgdica-
tions are limited. Therdore, attemptshavebeenmace to
modify the backbor structure andimprove their proces-
sibility ®. One succeskil approachis the introducion
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flexible linkagesinto the polymer backboneto improve
procestbility. In most of theseapproachks, fluorinated
monomes wereintroducedinto the polymerbackbore to

enhancehe polymersolubility, while retainng the desir

able thermoxidhtion stablity. For exanple, by the incor-

poration of the 2,2-hexafluoroisgropylidene (6F) group
into the polyberzoxazole backbone solubility was
enhancedwhile favorable thermooxdative stability and
high glass transition temperdures were retained %3,

Similarly, soluble poly(ether benzoxazte)s hawe been
generatd and display propertes intermedide between
the two homomlymers**®, Desiredpropertiesresuting

from thesemateriabk include thermopasticity, excellent
tensike propertiesandenhancedtoughnes.

As part of an effort to devebp high pefformance,high
tempeanture resstant polymers, we are interestedin the
potental usefulnas of substiuent-conaining p-pheny
lenemoaietiesasbulky andsymmetrical unitsin the main
chain Recetly, we have repoted that aromatic poly-
(amideimide)s derived from prefarmed imide ring con-
taining aramatic diimide-diacids, 2,5-bis(trimelitimido)-
toluend® and 1,4-bis(trimellitimido)-2,5-dmethylben
zené”, had improved solubility with retention of high
therma stabilty. Theseresulting poly(amide-imide) films
exhibited good mechanich properties. In a continwation
of thesestudes, this article dealswith the synthes and
basiccharaterizatian of rigid-rod aromaic poly(benzx-
azole-imice)sdueto their bettercombination of therma,
mechanical propertes as well as improved processg
abilities. Thesemore procesable polymerswith strictly
alternaing (benzoxazolebenzoxazole)-(imide-imide)
sequene canbe tailored from the diacid chloride of 2,5-
bis(trimdlitimido )toluene or (1) 1,4-bisrimellitimido)-
2,5-dimetlylbenzer contining (2) preformed imide
rings and bis(o-aminopheaol)s throughthe low-tempera-
ture soluion polycondensabn. This vyields poly(o-
hydroxy amide-imde) precursoramore stabk than poly-
(benzoxazoleamic acid) derived from aromaic diamines
contdng preformed benzoxaole ringsandaromatic dian-
hydridesand solublein amidic solventswhich were cast
into films andthenconveredto poly(benzoxazte-imide)
structuresvia subsegentthermd cyclodehydratn. The
properties of thesepolymers such as solubility, tensile
properties, crystallinity, andthermal behaviorwere exam
ined.

Experimental part

Materials

Commercially obtained2-methylp-phenylenediaminglihy-
drochloride(TCI), 2,5-dimethylp-phenylenediamingTClI),
and trimellitic anhydride (TCI) were used without further
purification. The aromatic bis(oc-aminophenol) monomers
that included 3,3-dihydroxybenzidine (4, TCI), 3,3-di-

amino-4,4dihydroxy-biphenyl (3, TCI) and 2,2-bis(3-
amino-4-hydroxyphenyl)hexafluoropropatte TCI) wereof
high purity and used as received.N-Methyl-2-pyrrolidone
(NMP) was purified by distillation underreducedpressure
overcalciumhydrideandstoredover4 A molecularsieves.

2,5-Bis(trimellitimido)tolueneand 1,4-bis(trimellitimido)-
2,5-dimethylbenzenwere preparedby the two-stageproce-
dure that include ring-opening addition of 2-methylp-
phenylenediaminer 2,5-dimethylp-phenylenediamingvith
two equivalentamountof trimellitic anhydride followed by
cyclodehydratiorto the imidodicaboxylic acid by toluene-
water azeotropicdistillation, accordingto reported proce-
dures®', The reaction of the two diimide-diacids with
excessthionyl chloride in the presenceof a few drops of
dimethylformamide(DMF) as a catalystafforded the corre-
spondingdiimide-diacyl chlorides(1) and (2), respectively
Diacyl chloride 1 was purified by recrystallizationfrom a
mixture of hexaneandtolueneto afford white powders;mp.
264-265°C.

IR (KBr): 1770 (acyl chloride C=0O stretching), 1790
(imide, symmetric C=0 stretching), 1737 cn! (imide,
asymmetriadC=0 stretching).

CasH12N,06Cl, Calc. C59.19H2.38 N 5.52
Found C59.01H 2.34 N 5.48

Diacyl chloride 2 was purified by recrystallizationfrom
tolueneto give white needlesmp. 318-319°C.

IR (KBr): 1770 (acyl chloride C=0 stretching),1790
(imide, symmetric C=0O stretching), 1735 cnr! (imide,
asymmetricC=O0 stretching).

C25H14N206C|2 Calc. C59.91H2.71 N5.37
Found C59.73H 2.68 N 5.34

Synthesi®f poly(o-hydoxyamide-imide)s

The low-temperaturesolution polycondensationtechnique
was employedin this investigation.A typical procedurefor

the preparationof poly(o-hydroxy amide-imide)sis as fol-

lows. First, 2 mmol of a bis(o-aminophenol)was dissolved
in 10 mL of NMP andmaintainedat —10°C-0°C in anice-

acetonebath.To the solution0.6 mL of propyleneoxide was
added,then 2 mmol of diimide-diacyl chloride was added,
and the reactionwas carried out at —10°C—0°C for about
1 h andthenat roomtemperaturevernight(for about10 h).

As the polycondensatiorproceeded the reaction mixture
becameviscous gradually The resulting polymer solution
wasslowly pouredinto 300 mL of methanolgiving riseto a
fiber-like precipitate which was washedthoroughly with

methanoland hot water collected by filtration and dried.
Theyieldswereusuallyquantitativeandthe inherentviscos-
ity of the poly(o-hydroxy amide-imide)swas measuredn

NMP at a concentratiorof 0.5g - dL*at30°C.

Preparationof poly(o-hydoxyamide-imide¥ilms and
thermalconversiorto poly(benzoxazole-imide)s

The preparethe film a solutionof about1.0 g of the poly(o-
hydroxy amide-imide)samplein 10 mL NMP was poured
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into a ¢ = 9 cm glassculture dish, which was placedin a
90°C oven for 12h to remove the solvent. The obtained
semidriedpolymerfilm wasstrippedfrom the glasssubstrate
andfurtherdriedin vacuoat 200°C for 15 h.
Poly(benzoxazole-imide)&ere obtainedfrom the thermal
cyclodehydratiorof poly(o-hydroxy amide-imide)sat 380°C
in vacuofor 8 h. The conversionwas performedin form of
films and the inherentviscositiesof the poly(benzoxazole-
imide)sthusobtainedweremeasuredn concentratedulfuric
acidataconcentratiorof 0.5¢ - dL" at30°C.

Calc. C72.29 H2.95 N9.52
Found C73.10 H2.82 N 9.22

(C37H 18N406) n

Measuements

IR spectrawererecordedon a JascdR-700infraredspectro-
meter Elementalanalysesvererunin a Perkin-ElmerModel
2400 C, H, N analyzerat the National Taiwan University
(Taipei). The inherent viscosities were measured at
0.5¢g- dL* with a Cannon-Fenske&iscometerthermostated
at 30°C. A Sinku Riko DSC-7000 differential scanning
calorimeterequippedwith a Sinku Riko TA-7000 thermal
analyzemwasusedto determinghethermaltransitions Heat-
ing rate was 20°C/min. Glasstransition temperaturegTy)
were readat the middle of the changein the heatcapacity
Thermogravimetry(TG) was analyzedusing a DuPont951
thermogravimetricanalyzer Experimentswere carried out
on 9-11 mg samplesheatedin flowing nitrogenor air (50
cm?/min) at a heatingrate of 10°C/min. Wide-angleX-ray
diffraction measurementwere performedat room tempera-
ture (about25°C) on a SiemensKristalloflex D5000 X-ray
diffractometer using Ni-filtered CuK, radiation (40kV,
15mA). The scanningratewas2°/min overarangeof 20 =
5-40°. Tensilepropertiesof solution castfilms were deter
mined using an Instron universal tester model HT-9102
(Hung Ta InstrumentCo., Taiwan),with aload cell of 10kg.
A gaugeof 2 cm and a crossheadgspeedof 5 cm/min were
usedfor this study Measurementsvere performedat room
temperaturewith film specimeng6 cm long, 0.5cm wide,
andabout0.1 mm thick). An averageof at leastfive indivi-
dualdeterminationsvasused.

Resultsand discussion

Polymersynthesis

Polybenzaazolesmight be synhesizedeasly in a one-
step procedire using poly(phosphaic acid)®, phospho-
ous penbxide/metlanesulfmic acid®, or trimethylsilyl
phospha#'® asthe readion medium.Isolation and ther
mal cyclodelydration of soluble poly(o-hydroxy amide)
derivedfrom the polycordensationof diacid derivatives
andbis(o-aminophena)sin a polar solvent,is analterra-
tive methodfor the produdion of polybenzoxazolefilms
and fiberg®. Six poly(o-hydroxy amide-imide)s 6—-11
were preparedreadly by the low-temperature soluion
polycordensatiorof diimide-diacyl chlorides1 or 2 with

Schemel: Strucuresandcodesof monomers
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the bis(o-aminoplenol)s 3, 4, and5 in NMP solutionin
the presenceof propylene oxide as the acid acceptorat
—10°C-0°C for 1 h andat room temperaturefor anaher
10h. The low-temperatire polycordensabn using pro-
pyleneoxide asthe acid accepor is generallymore pre-
ferale than using triethylamine for the preparatio of
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Tab. 1. Inherent viscositiesof poly(o-hydroxy amideimide)s
andpoly(benzo®zole-imide)s

Monome Poly(o-hydroxy Poly(benzoxazole-
amide-imice)? imide)?
Code Mion Code Min
dL-g™* dL-g™
1+3 6 2.45 12 2.32
2+3 7 2.20 13 2.15
1+4 8 1.81 14 1.90
2+4 9 1.52 15 1.62
1+5 10 0.90 16 0.99)
2+5 1 0.86 17 1.03

a,

Polymerizationwas carried out with 2 mmol of eachmono-
merin 10 mL of NMP in the presencef 0.6 mL of propylene
oxide at —10-0°C for 1 h and at room tempeature for

anothe 10 h.

Measurecdat aconcenrationof 0.5g - dLtin NMP at 30°C.

9 The convesion of the poly(o-hydroxy amideimide) to the
poly(benzoxazoleémide) wascarriedout by heatirg at 380°C

for 8 hin vacua

Measuredat a concentation of 0.5 g- dL™ in concentrated
sulfuric acidat 30°C, unlessotherwiseindicated.

b

d

highermolecubr weightaramices?V Structuesandcodes
of the monomes and poly(o-hydraxy amide-imide} are
illustratedin Sctemel and2, respetively. The propertes
of the obtainedpolymersare summaized in Tab. 1. The
inheren viscosties of the resuting poly(o-hydraxy
amideimide)s stayedin the rangeof 0.86-2.45dL - g~
It is worth mentionirg that the 6F-containimg bis(o-ami-
nophenol)(5)-derived poly(o-hydroxy amide-imide)s 10
and11 were attanedwith high molecubr weights,asevi-
dencedby theinherentviscosty valueabove 0.8 dL - g™
This indicatesthat silylation of bis(@-aminoptenol) (5)
reportedby Maruyamaet al.” is not necessgy to attain
high-mdar-mass poly(o-hydroxy amideimide)s in the
low-temperaturesolution polycondensatia readion. All
thesepoly(o-hydroxy amideimide)swere readily soluble
in amidetype solventsincluding NMP and DMAc and
could afford free-standingfilms by mears of solution
casting.The films obtainedwere all flexible and tough.
Polymes 6-9 are brownish, while polymers10 and 11
arelight yellow in color.

The formation of poly(o-hydroxy amide-imidey was
confirmed by meansof IR spectroscpy and elermental
analysis. The polymers exhibited the broad absorptbn
bandsin theregon of 2500-3500cnT? (O—H andN—H
str.), 1666 cnt! (amide C=0 str.), 1790 cnr? (imide,
symmetricC=0 str.), and1735cnT? (imide, asymmetric
C=Ostr) (seellin Fig. 1).

In the seond stage the poly(o-hydroxy amide-imide}
thus obtainedwere subpctedto thermal cyclodehyda-
tion. The convesion to poly(benzoxazte-imide)s (12—
17) (Scheme3d) was carriedout in the form of films at
380°C in vacuofor about8 h, andthe convesionprocess

Schemed: Strucuresandcodesof poly(benzoxzole-imide)s
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Fig.1. IR spectraof poly(o-hydroxy amideimide) 11 and

poly(benzoxzole-imide)17 in comparisonto the spectum of
the diacyl chloride of 1,4-bis(trimelitimido)-2,5-dimethylba-
zene
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could be followed by the changein the IR specta of the
films. Fig. 1 shows typical IR spectraof the representa-
tive pair of poly(o-hydroxy amideimide) 11 andits cor-

respondingpoly(bereoxazoleimide) 17. The disapper
ance of the absorpion bandsaround 2500-3500 and
1666 cnr! indicated the completion of the cyclization
processtogeherwith the appeaanceof an absorpion at
1602 cnr! chamcterigic of benodxazolering, which was
almost overlappedwith one of the absorpton bandsof

aromaticC=C str. The elementalanalysisvaluesof the
transformedpolymersagresd well with the valuescalcu

latedfor the polymerswith benzoxamle structuresThere
is sufficient differencein oxygen conent betweenthe
poly(o-hydroxy amide-imde)s and the resultirg poly-

(benzoxazole-imick)s. This convesion could also be
monitered by thernmogravimety (TG) and differential

scanningcalorimety (DSC) analysis that will be dis-

cussed later on. The poly(berzoxazoleimide)s thus
obtained excep for 16 and 17, are insoluble in most
organc solvents, while they are solublein cold concen-
trated sulfuric acid. The poly(benoxazoleimide)s
derivedfrom diacyl chloride 1 or 2 hadinherentviscos-

ities of 0.95-2.32dL - g* in concentratedsulfuric acid,

indicatingthatno thermal degradabn anddecamposition

leadingto molecudar chain scissionoccured during the

conversionprocessand during the viscaosity deternina-

tion. This alsoindicatesthatthe methyl-sulstitutedphen-
ylene linkage-cataining poly(benzxazoleimide)s has
goodacid-resistance

Propertiesof polymers

The solubility of all polymerswasevaluded qualitaively
andtheresluts are presentedn Tab. 2. All of the poly(o-
hydroxy amide-imde)swereeasilysolublein polar apro-
tic solventssuchas NMP, DMAc, DMSO, and DMF at

room temperdaure. Nevertteless, they still exhibited

excelent resistanceto lesspolar solventssuchas THF,

acetme, and etharol. The poly(o-hydroxy amide-imde)s
10 and 11 derived from 2,2-bis-(3-amir-4-hydrocy-

phenyl)hexafuoropropar) 5 reveded an enhancedsolw

bility. In additionto highly polar solvents they were also
soluble in THF andacetae. This may be dueto the exis-
tene of the bulky flexible hexdluoroisopropylidene
groupsto prevent close chain packing and allow solvent
moleculesto diffuseinto the polymerchans.

The poly(berzoxazoleimide)s, on the other hand,dis-
solved all in cold sulfuric acid. Despitethe fact that all
the poly(benzxazoleimide)s were amorgous, they
were quite insolubk in organic solvents,with the excep
tion of polymers 16 and 17, which contain the bulky
hexafluoroprgylene group in the bis(o-aminoplenol)
moietiesalongthe macromoécularbackbone . We madea
comparison of the soluwility of above-metioned poly-
mers16 and 17 with thoseof the poly(benzxazole-imk
de)s investigatedby Bruma?, and found that the latter
polymersare only soluble organic solvents, if they con-
tain bulky 6F groups in both the imide and benzoxazte
moieties presat in the polymers. Thus, the introdudion
of methyl-sbstitutedp-phenyene units into the polymer
backoone improves the solubility of the poly(benzxa-
zole-imide)sin organicsolvents.

Wide-ande X-ray diffractogramsshown in Fig. 2 indi-
cateall the poly(o-hydroxy amideimide) and poly(ben-
zoxazole-imice) films were amaphousin nature,which
may be dueto the presenceof methylsubstitutedo-phen
ylene or hexaflworoisopopylidere linkagesin the poly-
mer backbons. All of the poly(benzaxazok-imide)s
showed higher chain packng than the corresponihg
poly(o-hydroxy amide-imide} dueto therigid andplana
natue of benzoxaole moieties. Their poar solubility cor-
respndsto closechain packing. All the poly(o-hydroxy
amide-imide)s could be soluion-castinto flexible and

Tab.2. Soluklity behaviorof poly(o-hydroxyamideimide)sandpoly(benzoxzole-imide)3

Solven? Poly(o-hydroxyamideimide)

Poly(benzoxaole-imide)

]

7 8 9 10

[ERY
=

12 13 14 15 16

conc.H,SO,
NMP
DMAc
DMF
DMSO
m-cresol
THF
acetone
ethanol
chloroform

|+ + + + +
|+ + + + +
|+ + + + +
|+ + + + +

I+ + | + + + + +

I+ + +

I+ + | ++ + + +

@ Solubility: +, solubleat roomtempeature;—, insolubleevenon heatiry.
® NMP: N-methyl-2-gyrrolidone; DMAc: N,N-dimethylacetanide; DMF: N,N-dimethylformamide; DMSO: dimethyl sulfoxide;

THF: tetrahydrofuan.
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Tab.3. Tensilepropetiesandthermalbehaviorof poly(o-hydroxyamideimide)sandpoly(benzoxzole-imide)s

Poly(o-hydroxyamide-imice) Poly(benzoxaole-imide)
tensile propeties of polymer DSC DSC TG
films
Code strength-to- elongation-b- T2°C To9/°C T.9°C Code T2/°C TH/°C  charyield?
break in MPa  breakin % in %
6 102 8 232 270 320 12 330 575(530) 64
7 105 10 o) 265 325 13 338 570(530) 67
8 99 7 230 270 325 14 316 585(535) 68
9 104 12 D) 275 335 15 317 560(515) 65
10 90 8 227 270 320 16 345 550(480) 60
11 93 10 223 260 315 17 330 555(470) 62

a)
b

Temperaturat the middle point of baselineshift on thefirst DSCheatirg trace,with a heatingrateof 20°C/minin nitrogen.
Difficult to judge.

9 Extrapmlatedonsettemperaturef the endothemic peak.

9 Endohermicpeaktemperature.

Midpoint temperaure of baselineshift on the secondDSC heatingtraceof the sampleafterrapid cooling from 450°C in nitrogen.
D 10%wt. losstemperdure at a heatingrateof 10°C/minin nitrogen.Valuesin parenthesewereobserve in air.

9 Residuawt.-% whenheatedo 800°C in nitrogen.

e

intararty
|
|
|

LT E

Fig.3. DSC and TG curvesfor (A) poly(o-hydroxy amide-
MMMM imide) 8 and(B) poly(benzoxzole-imice) 14

verted poly(berzoxazoleimide) films were also flexible
andtough, indicating that no thermaldegradtion leading
to molecubr chain scission occured during the conver
sion process. However most of the films shrank or
bubbled during the cyclization process therebre, their
mechanich propertes were not evallated. Good-guality

b iy i e and smooth poly(benoxazoleimide) films may be
P i 2 0 40 A obtainedf underpropertensionandlower heatng speed
Scatiaring Angle (26 in deg ] The thermd behavior of the poly(o-hydroxy amide-

imide)s and poly(benoxazoleimide)s was investigaed
by DSCandTG. The poly(o-hydroxy amide-imde)sdis-
playedglasstransitions between223-232°C in the first
DSC scan, and exhibited strong endotlermic peaks
toughfilms. Thesefilms weresubgctedto tensle testing, between 260-370°C, with peak temperaturesaraund
andtheresultsaregivenin Table3. Thetensik strengtls  315-335°C, which are attributed to loss of water during
andthe elongationsat breakwerein the rangeof 90-105 the converson of the poly(o-hydraxy amide-imde) to
MPa and 7-12%, respetively. All the thermally con- poly(benzxazok-imide). Fig. 3 shows a typical pair of

Fig.2. Wide-angle X-ray diffractogams of some poly(o-
hydroxyamideimide)sandpoly(benzo®zole-imide)s
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TG and DSC curvesfor poly(o-hydraxy amideimide) 8
andpoly(benzxazok-imide)14. The TG traceof poly(o-
hydroxy amide-imide) 8 reveded an onsetof weightloss
around250°C and cameto an end at about370°C. The
weight loss was due to the thermal cyclodetydration of
the poly(o-hydroxy amideimide), which alsoagreedwell
with the strong endotlermic peak between270-370°C.
Poly(berzoxazoleimide) 14 stared to lose weight at
around500°C andleft 68% residualcharwhenheatedto
800°C in nitrogen. The baseine shift centeredat 230°C
in thefirst DSCheatingtrace is ascribedo the glasstrasi-
tion of the poly(o-hydroxy amide-imide) 8. After rapid
cooling from 450°C, the poly(berzoxazoleimide) 14
formed in situ showed a distinct glasstransition araund
316°C on the subsequentDSC heathg trace The
increasedT, of poly(benoxazoleimide) 14 when com:
pared to its poly(o-hydroxy amide-imide) precusor 8
may be a refledion of an entancedchainrigidity dueto
the formation of benzoxazte ring. All the poly(o-
hydroxy amide-imidey and poly(benoxazoleimide)s
exhibita similar DSCand TG behavior andsomeof their
thermalbehavio dataare sunmarizedin Tab. 3. All the
poly(benzaxazok-imide)s did not lose weight up to
500°C in nitrogen, and the tenperaturesat which 10%
weight losswasrecordedwerein the 550-585°C range
in nitrogen.The remaired charyields were in excessof
60% at 800°C in nitrogen. The glasstransition tempea-
tures(Ty) of the poly(benzoxazte-imide)s were recaded
between316-345°C, andfoundto be about50°C higher
than thoseof the corresponihg poly(amide-imide)s®1”
due to the formation of the benzoxazte ring. Thus, the
new rigid-rod poly(benzxazoke-imide)sshow high ther
mal stabiity, with decompaition tempeatures over
500°C andhigherT,, in conjuncton with easyprocesa-
bility makethesepoly(benzxazoke-imide)sattractive for
applicatons in microelectrorics, aerspaceand related
industriesaspracticalmaterids.
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