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Intr oduction
Wholly aromatic heterocyclic polymershavebeeninves-
tigatedfor high-performanceapplication.Aromaticpoly-
imidesarewidely usedin thesemiconductorandelectro-
nic packagingindustry becauseof their outstanding ther-
mal stability, goodinsulation propertieswith low dielec-
tric constant, goodadhesionto commonsubstrates,super-
ior chemical stability1,2). Aromatic polybenzoxazoles are
also a classof heterocyclic polymers that exhibit excel-
lent thermooxidative stability, high tensile modulus and

strength, and superior chemical resistance3,4). A few
rigid-rod polybenzoxazoleshave beenreportedto have
potential for fabrication of high-modulus, high-strength
fibers5,6). However, like aromatic polyimides, they are
generally difficult to processbecause of their poor ther-
mal processibility and poor solubility in conventional
organic solvents.As a consequence,potential applica-
tions are limited. Therefore, attemptshavebeenmade to
modify the backbone structureandimprovetheir proces-
sibility 7–13). One successful approachis the introduction

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-substitutedp-phenylene-containingdiacyl chlor-
idesof 2,5-bis(trimellitimido)tolueneor 1,4-bis(trimelliti-
mido)-2,5-dimethylbenzeneand 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). Transparentandflexible films of thesepolymers
werecastfrom NMP solutions.Thetensilestrengthof the
films rangesfrom 90–105MPa and elongationat break
from 7–12%.Subsequentthermalcyclodehydration of the
poly(o-hydroxy amide-imide)safforded novel rigid-rod
and strictly alternating poly(benzoxazole-imide)s.They
exhibit glasstransitiontemperaturesin the rangeof 316–
3458C andarestableup to 5008C in air or nitrogen,with
a 10% weight loss temperaturein nitrogenrangingfrom
550–5858C.
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flexible linkagesinto the polymer backboneto improve
processibility . In most of theseapproaches, fluorinated
monomers wereintroducedinto thepolymerbackbone to
enhancethe polymersolubility, while retaining the desir-
able thermoxidation stability. For example, by the incor-
porationof the 2,2-hexafluoroisopropylidene (6F) group
into the polybenzoxazole backbone solubility was
enhanced,while favorable thermooxidative stability and
high glass transition temperatures were retained7,10–13).
Similarly, soluble poly(ether benzoxazole)s have been
generated and display properties intermediate between
the two homopolymers14,15). Desiredpropertiesresulting
from thesematerials include thermoplasticity, excellent
tensileproperties,andenhancedtoughness.

As part of an effort to develop high performance,high
temperature resistantpolymers, we are interestedin the
potential usefulness of substituent-containing p-pheny-
lenemoietiesasbulky andsymmetricalunits in themain
chain. Recently, we have reported that aromatic poly-
(amide-imide)s derivedfrom preformed imide ring con-
taining aromatic diimide-diacids, 2,5-bis(trimellitimido)-
toluene16) and 1,4-bis(trimellitimido)-2,5-dimethylben-
zene17), had improved solubility with retention of high
thermal stability. Theseresulting poly(amide-imide) films
exhibited good mechanical properties. In a continuation
of thesestudies, this article dealswith the synthesis and
basiccharacterization of rigid-rod aromatic poly(benzox-
azole-imide)sdueto their bettercombinationof thermal,
mechanical properties as well as improved processing
abilities. Thesemore processable polymerswith strictly
alternating (benzoxazole-benzoxazole)-(imide-imide)
sequence canbe tailoredfrom the diacid chlorideof 2,5-
bis(trimellitimido )toluene or (1) 1,4-bis(trimellitimido)-
2,5-dimethylbenzene containing (2) preformed imide
rings and bis(o-aminophenol)s throughthe low-tempera-
ture solution polycondensation. This yields poly(o-
hydroxy amide-imide) precursorsmorestable thanpoly-
(benzoxazoleamic acid) derived from aromatic diamines
containg preformedbenzoxazoleringsandaromaticdian-
hydridesandsolublein amidic solventswhich werecast
into films andthenconvertedto poly(benzoxazole-imide)
structuresvia subsequent thermal cyclodehydration. The
properties of thesepolymers such as solubility, tensile
properties,crystallinity, andthermal behaviorwere exam-
ined.

Experimental part

Materials

Commerciallyobtained2-methyl-p-phenylenediaminedihy-
drochloride(TCI), 2,5-dimethyl-p-phenylenediamine(TCI),
and trimellitic anhydride(TCI) were usedwithout further
purification. The aromatic bis(o-aminophenol)monomers
that included 3,39-dihydroxybenzidine (4, TCI), 3,39-di-

amino-4,49-dihydroxy-biphenyl (3, TCI) and 2,2-bis(3-
amino-4-hydroxyphenyl)hexafluoropropane(5, TCI) wereof
high purity and used as received.N-Methyl-2-pyrrolidone
(NMP) was purified by distillation under reducedpressure
overcalciumhydrideandstoredover4 Å molecularsieves.

2,5-Bis(trimellitimido)tolueneand 1,4-bis(trimellitimido)-
2,5-dimethylbenzenewerepreparedby the two-stageproce-
dure that include ring-opening addition of 2-methyl-p-
phenylenediamineor 2,5-dimethyl-p-phenylenediaminewith
two equivalentamountof trimellitic anhydride,followed by
cyclodehydrationto the imidodicarboxylic acid by toluene-
water azeotropicdistillation, according to reportedproce-
dures16,17). The reaction of the two diimide-diacids with
excessthionyl chloride in the presenceof a few drops of
dimethylformamide(DMF) asa 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.
264–2658C.

IR (KBr): 1770 (acyl chloride C2O stretching),1790
(imide, symmetric C2O stretching), 1737 cm–1 (imide,
asymmetricC2O stretching).

C25H12N2O6Cl2 Calc. C 59.19H 2.38 N 5.52
Found C 59.01H 2.34 N 5.48

Diacyl chloride 2 was purified by recrystallizationfrom
tolueneto give white needles;mp.318–3198C.

IR (KBr): 1770 (acyl chloride C2O stretching),1790
(imide, symmetric C2O stretching), 1735 cm–1 (imide,
asymmetricC2O stretching).

C26H14N2O6Cl2 Calc. C 59.91H 2.71 N 5.37
Found C 59.73H 2.68 N 5.34

Synthesisof poly(o-hydroxyamide-imide)s

The low-temperaturesolution polycondensationtechnique
wasemployedin 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 –108C–08C in an ice-
acetonebath.To thesolution0.6 mL of propyleneoxidewas
added,then 2 mmol of diimide-diacyl chloride was added,
and the reactionwas carried out at –108C–08C for about
1 h andthenat roomtemperatureovernight(for about10 h).
As the polycondensationproceeded,the reaction mixture
becameviscous gradually. The resulting polymer solution
wasslowly pouredinto 300mL of methanolgiving rise to a
fiber-like precipitate which was washed thoroughly with
methanoland hot water, collected by filtration and dried.
Theyieldswereusuallyquantitativeandthe inherentviscos-
ity of the poly(o-hydroxy amide-imide)swas measuredin
NMP at a concentrationof 0.5g N dL–1 at 308C.

Preparationof poly(o-hydroxyamide-imide)films and
thermalconversionto poly(benzoxazole-imide)s

Thepreparethe 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 b = 9 cm glassculture dish, which was placedin a
908C oven for 12 h to remove the solvent. The obtained
semidriedpolymerfilm wasstrippedfrom theglasssubstrate
andfurtherdried in vacuoat 2008C for 15 h.

Poly(benzoxazole-imide)swereobtainedfrom the thermal
cyclodehydrationof poly(o-hydroxyamide-imide)sat 3808C
in vacuofor 8 h. The conversionwasperformedin form of
films and the inherentviscositiesof the poly(benzoxazole-
imide)sthusobtainedweremeasuredin concentratedsulfuric
acidat a concentrationof 0.5g N dL–1 at 308C.

(C37H18N4O6)n Calc. C 72.29 H 2.95 N 9.52
Found C 73.10 H 2.82 N 9.22

Measurements

IR spectrawererecordedon a JascoIR-700infraredspectro-
meter. Elementalanalyseswererun in a Perkin-ElmerModel
2400 C, H, N analyzerat the National Taiwan University
(Taipei). The inherent viscosities were measured at
0.5g N dL–1 with a Cannon-Fenskeviscometerthermostated
at 308C. A Sinku Riko DSC-7000 differential scanning
calorimeterequippedwith a Sinku Riko TA-7000 thermal
analyzerwasusedto determinethethermaltransitions.Heat-
ing rate was 208C/min. Glass transition temperatures(Tg)
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 nitrogen or air (50
cm3/min) at a heatingrate of 108C/min. Wide-angleX-ray
diffraction measurementswereperformedat room tempera-
ture (about258C) on a SiemensKristalloflex D5000 X-ray
diffractometer, using Ni-filtered CuKa radiation (40kV,
15mA). Thescanningratewas28/min overa rangeof 2h =
5–408. Tensilepropertiesof solutioncastfilms weredeter-
mined using an Instron universal tester, model HT-9102
(HungTa InstrumentCo.,Taiwan),with a loadcell of 10 kg.
A gaugeof 2 cm and a crossheadspeedof 5 cm/min were
usedfor this study. Measurementswere performedat room
temperaturewith film specimens(6 cm long, 0.5cm wide,
andabout0.1mm thick). An averageof at leastfive indivi-
dualdeterminationswasused.

Resultsand discussion

Polymersynthesis

Polybenzoxazolesmight be synthesizedeasily in a one-
step procedure using poly(phosphoric acid)5), phosphor-
ous pentoxide/methanesulfonic acid18), or trimethylsilyl
phosphate19) as the reaction medium.Isolation and ther-
mal cyclodehydrationof solublepoly(o-hydroxy amide),
derivedfrom the polycondensationof diacid derivatives
andbis(o-aminophenol)s in a polar solvent,is analterna-
tive methodfor the production of polybenzoxazolefilms
and fibers20). Six poly(o-hydroxy amide-imide)s 6–11
were prepared readily by the low-temperaturesolution
polycondensationof diimide-diacylchlorides1 or 2 with

the bis(o-aminophenol)s3, 4, and 5 in NMP solution in
the presenceof propylene oxide as the acid acceptorat
–108C–08C for 1 h andat room temperaturefor another
10 h. The low-temperature polycondensation using pro-
pyleneoxide as the acid acceptor is generallymorepre-
ferable than using triethylamine for the preparation of

Scheme1: Structuresandcodesof monomers

Scheme2: Structuresandcodesof poly(o-hydroxyamide-imi-
de)s
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highermolecular weightaramides.21) Structuresandcodes
of the monomers and poly(o-hydroxy amide-imide)s are
illustratedin Scheme1 and2, respectively. Theproperties
of the obtainedpolymersaresummarized in Tab. 1. The
inherent viscosities of the resulting poly(o-hydroxy
amide-imide)sstayedin the rangeof 0.86–2.45 dL N g–1.
It is worth mentioning that the 6F-containing bis(o-ami-
nophenol)(5)-derived poly(o-hydroxy amide-imide)s10
and11 were attainedwith high molecular weights,asevi-
dencedby the inherentviscosity valueabove 0.8 dL N g–1.
This indicatesthat silylation of bis(o-aminophenol) (5)
reportedby Maruyamaet al.7) is not necessary to attain
high-molar-mass poly(o-hydroxy amide-imide)s in the
low-temperaturesolution polycondensation reaction. All
thesepoly(o-hydroxy amide-imide)swere readily soluble
in amide-type solvents including NMP and DMAc and
could afford free-standingfilms by means of solution-
casting.The films obtainedwere all flexible and tough.
Polymers 6–9 are brownish, while polymers10 and 11
arelight yellow in color.

The formation of poly(o-hydroxy amide-imide)s was
confirmed by meansof IR spectroscopy and elemental
analysis. The polymers exhibited the broad absorption
bandsin theregion of 2500–3500cm–1 (O1H andN1H
str.), 1666 cm–1 (amide C2O str.), 1790 cm–1 (imide,
symmetricC2O str.), and1735cm–1 (imide, asymmetric
C2O str.) (see11 in Fig. 1).

In the second stage,the poly(o-hydroxy amide-imide)s
thus obtainedwere subjected to thermal cyclodehydra-
tion. The conversion to poly(benzoxazole-imide)s (12–
17) (Scheme3) was carried out in the form of films at
3808C in vacuofor about8 h, andtheconversionprocess

Tab. 1. Inherent viscositiesof poly(o-hydroxy amide-imide)s
andpoly(benzoxazole-imide)s

Monomer Poly(o-hydroxy
amide-imide)a)

Poly(benzoxazole-
imide)c)

Code ginh

dL Ngÿ1

b� Code ginh

dL Ngÿ1

b�

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 0.95b)

2 + 5 11 0.86 17 1.03a)

a) Polymerizationwas carriedout with 2 mmol of eachmono-
mer in 10 mL of NMP in thepresenceof 0.6mL of propylene
oxide at –10–08C for 1 h and at room temperature for
another 10h.

b) Measuredat aconcentrationof 0.5g N dL–1 in NMP at 308C.
c) The conversion of the poly(o-hydroxy amide-imide) to the

poly(benzoxazole-imide) wascarriedout by heating at 3808C
for 8 h in vacuo.

d) Measuredat a concentration of 0.5 g N dL–1 in concentrated
sulfuric acidat 308C, unlessotherwiseindicated.

Scheme3: Structuresandcodesof poly(benzoxazole-imide)s

Fig. 1. IR spectra of poly(o-hydroxy amide-imide) 11 and
poly(benzoxazole-imide)17 in comparisonto the spectrum of
the diacyl chloride of 1,4-bis(trimelitimido)-2,5-dimethylben-
zene
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could be followed by the changein the IR spectra of the
films. Fig. 1 shows typical IR spectraof the representa-
tive pair of poly(o-hydroxy amide-imide) 11 and its cor-
respondingpoly(benzoxazole-imide) 17. The disapper-
ance of the absorption bandsaround 2500–3500 and
1666 cm–1 indicated the completion of the cyclization
process, together with the appearanceof an absorption at
1602 cm–1 characteristic of benzoxazolering, which was
almost overlappedwith one of the absorption bandsof
aromaticC2C str. The elementalanalysisvaluesof the
transformedpolymersagreed well with the valuescalcu-
latedfor thepolymerswith benzoxazole structures.There
is sufficient difference in oxygen content betweenthe
poly(o-hydroxy amide-imide)s and the resulting poly-
(benzoxazole-imide)s. This conversion could also be
monitered by thermogravimetry (TG) and differential
scanningcalorimetry (DSC) analysis that will be dis-
cussed later on. The poly(benzoxazole-imide)s thus
obtained, except for 16 and 17, are insoluble in most
organic solvents, while they are soluble in cold concen-
trated sulfuric acid. The poly(benzoxazole-imide)s
derivedfrom diacyl chloride 1 or 2 had inherentviscos-
ities of 0.95–2.32 dL N g–1 in concentratedsulfuric acid,
indicatingthatno thermal degradation anddecomposition
leading to molecular chain scissionoccurred during the
conversionprocessand during the viscosity determina-
tion. This alsoindicatesthat themethyl-substitutedphen-
ylene linkage-containing poly(benzoxazole-imide)s has
goodacid-resistance.

Propertiesof polymers

Thesolubility of all polymerswasevaluatedqualitatively
andthe results arepresentedin Tab.2. All of the poly(o-
hydroxyamide-imide)swereeasilysolublein polar apro-
tic solventssuchas NMP, DMAc, DMSO, and DMF at

room temperature. Nevertheless, they still exhibited
excellent resistanceto less polar solventssuchas THF,
acetone,andethanol. The poly(o-hydroxy amide-imide)s
10 and 11 derived from 2,2-bis-(3-amino-4-hydroxy-
phenyl)hexafluoropropane) 5 revealed an enhancedsolu-
bility. In additionto highly polarsolvents,theywere also
soluble in THF andacetone.This maybedueto theexis-
tence of the bulky flexible hexafluoroisopropylidene
groupsto prevent closechainpacking andallow solvent
moleculesto diffuseinto thepolymerchains.

The poly(benzoxazole-imide)s, on the otherhand,dis-
solved all in cold sulfuric acid. Despitethe fact that all
the poly(benzoxazole-imide)s were amorphous, they
were quite insoluble in organicsolvents,with the excep-
tion of polymers 16 and 17, which contain the bulky
hexafluoropropylene group in the bis(o-aminophenol)
moietiesalongthemacromolecularbackbone.We madea
comparison of the solubility of above-mentioned poly-
mers16 and17 with thoseof the poly(benzoxazole-imi-
de)s investigatedby Bruma12), and found that the latter
polymersare only soluble organic solvents, if they con-
tain bulky 6F groups in both the imide andbenzoxazole
moieties present in the polymers.Thus, the introduction
of methyl-substitutedp-phenyleneunits into the polymer
backbone improves the solubility of the poly(benzoxa-
zole-imide)sin organicsolvents.

Wide-angle X-ray diffractogramsshown in Fig. 2 indi-
cateall the poly(o-hydroxy amide-imide) and poly(ben-
zoxazole-imide) films were amorphousin nature,which
maybedueto thepresenceof methyl-substitutedp-phen-
ylene or hexafluoroisopropylidene linkagesin the poly-
mer backbones. All of the poly(benzoxazole-imide)s
showed higher chain packing than the corresponding
poly(o-hydroxy amide-imide)s dueto therigid andplanar
nature of benzoxazolemoieties.Their poor solubility cor-
respondsto closechain packing. All the poly(o-hydroxy
amide-imide)s could be solution-cast into flexible and

Tab.2. Solubility behaviorof poly(o-hydroxyamide-imide)sandpoly(benzoxazole-imide)sa)

Solventb) Poly(o-hydroxyamide-imide) Poly(benzoxazole-imide)

6 7 8 9 10 11 12 13 14 15 16 17

conc.H2SO4 + + + + + + + + + + + +
NMP + + + + + + – – – – + +
DMAc + + + + + + – – – – + +
DMF + + + + + + – – – – – –
DMSO + + + + + + – – – – – –
m-cresol – – – – – – – – – – – –
THF – – – – + + – – – – – –
acetone – – – – + + – – – – – –
ethanol – – – – – – – – – – – –
chloroform – – – – – – – – – – – –

a) Solubility: +, solubleat roomtemperature;–, insolubleevenonheating.
b) NMP: N-methyl-2-pyrrolidone; DMAc: N,N-dimethylacetamide; DMF: N,N-dimethylformamide;DMSO: dimethyl sulfoxide;

THF: tetrahydrofuran.
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toughfilms. Thesefilms weresubjectedto tensile testing,
andthe resultsaregiven in Table3. The tensile strengths
andtheelongationsat breakwerein therangeof 90–105
MPa and 7–12%, respectively. All the thermally con-

vertedpoly(benzoxazole-imide) films were also flexible
andtough, indicating thatno thermaldegradation leading
to molecular chain scission occurred during the conver-
sion process. However, most of the films shrank or
bubbledduring the cyclization process; therefore, their
mechanical properties were not evaluated.Good-quality
and smooth poly(benzoxazole-imide) films may be
obtainedif underpropertensionandlower heatingspeed.

The thermal behavior of the poly(o-hydroxy amide-
imide)s and poly(benzoxazole-imide)s was investigated
by DSCandTG. The poly(o-hydroxy amide-imide)sdis-
playedglasstransitions between223–2328C in the first
DSC scan, and exhibited strong endothermic peaks
between 260–3708C, with peak temperaturesaround
315–3358C, which areattributed to lossof water during
the conversion of the poly(o-hydroxy amide-imide) to
poly(benzoxazole-imide). Fig. 3 shows a typical pair of

Tab.3. Tensilepropertiesandthermalbehaviorof poly(o-hydroxyamide-imide)sandpoly(benzoxazole-imide)s

Poly(o-hydroxyamide-imide) Poly(benzoxazole-imide)

tensile properties of polymer
films

DSC DSC

———

TG

Code strength-to-
break in MPa

elongation-to-
breakin %

Tg
a)/ 8C T0

c)/ 8C Tp
d)/ 8C Code Tg

e)/ 8C Td
f)/ 8C charyieldg)

in %

6 102 8 232 270 320 12 330 575(530) 64
7 105 10 b) 265 325 13 338 570(530) 67
8 99 7 230 270 325 14 316 585(535) 68
9 104 12 b) 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) Temperatureat themiddlepoint of baselineshift on thefirst DSCheating trace,with a heatingrateof 208C/min in nitrogen.
b) Dif ficult to judge.
c) Extrapolatedonsettemperatureof theendothermic peak.
d) Endothermicpeaktemperature.
e) Midpoint temperatureof baselineshift on thesecondDSCheatingtraceof thesampleafterrapidcoolingfrom 4508C in nitrogen.
f) 10%wt. losstemperatureat a heatingrateof 108C/min in nitrogen.Valuesin parentheseswereobserved in air.
g) Residualwt.-% whenheatedto 8008C in nitrogen.

Fig. 2. Wide-angle X-ray diffractograms of some poly(o-
hydroxyamide-imide)sandpoly(benzoxazole-imide)s

Fig. 3. DSC and TG curves for (A) poly(o-hydroxy amide-
imide) 8 and(B) poly(benzoxazole-imide) 14
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TG and DSC curvesfor poly(o-hydroxy amide-imide) 8
andpoly(benzoxazole-imide)14. TheTG traceof poly(o-
hydroxy amide-imide)8 revealed an onsetof weight loss
around2508C and cameto an end at about3708C. The
weight loss was due to the thermalcyclodehydration of
thepoly(o-hydroxy amide-imide), which alsoagreedwell
with the strongendothermic peakbetween270–3708C.
Poly(benzoxazole-imide) 14 started to lose weight at
around5008C andleft 68%residualcharwhenheatedto
8008C in nitrogen.The baseline shift centeredat 2308C
in thefirst DSCheatingtrace is ascribedto theglasstrasi-
tion of the poly(o-hydroxy amide-imide) 8. After rapid
cooling from 4508C, the poly(benzoxazole-imide) 14
formed in situ showed a distinct glasstransition around
3168C on the subsequentDSC heating trace. The
increasedTg of poly(benzoxazole-imide) 14 when com-
pared to its poly(o-hydroxy amide-imide) precursor 8
may be a reflection of an enhancedchain rigidity dueto
the formation of benzoxazole ring. All the poly(o-
hydroxy amide-imide)s and poly(benzoxazole-imide)s
exhibit a similar DSCandTG behavior, andsomeof their
thermalbehavior dataaresummarizedin Tab. 3. All the
poly(benzoxazole-imide)s did not lose weight up to
5008C in nitrogen,and the temperaturesat which 10%
weight losswas recordedwere in the 550–5858C range
in nitrogen.The remained char yields were in excessof
60% at 8008C in nitrogen.The glasstransition tempera-
tures(Tg) of thepoly(benzoxazole-imide)s were recorded
between316–3458C, andfound to beabout508C higher
than thoseof the corresponding poly(amide-imide)s16,17)

due to the formation of the benzoxazole ring. Thus, the
new rigid-rod poly(benzoxazole-imide)sshowhigh ther-
mal stability, with decomposition temperatures over
5008C andhigherTg, in conjunction with easyprocessa-
bility makethesepoly(benzoxazole-imide)sattractive for
applications in microelectronics, aerospaceand related
industriesaspracticalmaterials.
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