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SUMMARY: A series of poly(o-hydroxyamide)s having high molecular weights were synthesized by means
of low-temperature solution polycondensation of 4,49-[isopropylidenebis(1,4-phenylene)dioxy]dibenzoyl
chloride (1) and 4,49-[hexafluoroisopropylidenebis(1,4-phenylene)dioxy]dibenzoyl chloride (2) with three
bis(o-aminophenol)s. Subsequent thermal cyclodehydration of the poly(o-hydroxyamide)s afforded poly-
benzoxazoles. All poly(o-hydroxyamide)s are readily soluble in a variety of solvents, whereas the polybenzo-
xazoles are insoluble with one exception. The polybenzoxazoles exhibit glass transition temperatures in the
range of 218–2318C and are stable up to 5008C in air or nitrogen, with the 10% weight loss temperatures
being recorded between 553–6078C in nitrogen.

Introduction
Aromatic polybenzoxazoles are a class of heterocyclic
polymers that exhibit outstanding thermo-oxidative stabi-
lity, high tensile modulus and strength, and superior che-
mical resistance1, 2). A few rigid-rod polybenzoxazoles
have been reported to have potential for fabrication into
high-modulus, high-strength fiber3, 4). However, analogous
to aromatic polyimides they are generally difficult to pro-
cess because of their non-melting behavior and poor solu-
bility in conventional organic solvents and, consequently,
potential applications are limited. Therefore, many
attempts have been tried to modify and improve their pro-
cessibility5–11). One successful approach is to introduce
flexible linkages into the polybenzoxazole backbone so
as to increase the overall flexibility. Fluorinated mono-
mers appear to be the key to soluble, high performance
materials in most of these synthetic efforts. For example,
by incorporation of the hexafluoroisopropylidene (6F)
group into the polybenzoxazole backbone solubility was
enhanced, while favorable thermo-oxidative stability and
high glass transition temperatures were retained5, 8–11). The
6F group has also been reported as a component in a vari-
ety of other thermally stable polymeric systems12–18).
Similarly, soluble poly(ether benzoxazole)s have been
generated and display properties intermediate between
the two homopolymers19, 20). Desired properties resulting
from these materials include thermoplasticity, excellent
tensile properties, and enhanced toughness.

As part of an effort to develop high performance, high
temperature resistant polymers, the present article deals
with the synthesis and basic characterization of flexible
aromatic polybenzoxazoles bearing both ether and 6F
groups from 4,49-[hexafluoroisopropylidenebis(1,4-phen-
ylene)dioxy]dibenzoyl chloride (2) and bis(o-amino-

phenol)s by low-temperature solution polycondensation.
The analogous polybenzoxazoles having no fluorine atom
were also prepared and characterized for comparison.

Experimental part

Materials

According to reported procedures16, 21), 4,49-[isopropylidene-
bis(1,4-phenylene)dioxy]dibenzoic acid (m.p. 2768C) and
4,49-[hexafluoroisopropylidenebis(1,4-phenylene)dioxy]di-
benzoic acid (m.p. 3188C) were synthesized in high purity
and high yields via two steps from commercially available
reagents. Details of the synthesis were described in a pre-
vious paper22). The diacyl choride monomers, 4,49-[isopropy-
lidenebis(1,4-phenylene)dioxy]dibenzoyl chloride (1) (m.p.
1408C) and 4,49-[hexafluoroisopropylidenebis(1,4-phenyl-
ene)dioxy]dibenzoyl chloride (2) (m. p. 160–1618C), were
prepared by chlorinating the precursor dicarboxylic acid
with thionyl chloride and tow drops ofN,N-dimethylforma-
mide (DMF). The aromatic bis(o-aminophenol) monomers
that included 3,39-diamino-4,49-dihydroxybiphenyl (3), 3,39-
dihydroxybenzidine (4) and hexafluoroisopropylidenebis(3-
amino-4-hydroxyphenyl) (5) were of high purity and used as
received.N-Methyl-2-pyrrolidone (NMP) was purified by
distillation under reduced pressure over calcium hydride and
stored over 4 A˚ molecular sieves. Commercially obtained
anhydrous lithium chloride was dried under vacuum at
1808C for 8 h.

Synthesis of poly(o-hydroxyamide)s

The low-temperature solution polycondensation technique
was employed in this investigation. A typical procedure of
preparing poly(o-hydroxyamide)s is as follows. First,
1 mmol of a bis(o-aminophenol) was dissolved in 5 mL of
NMP containing 0.2 g of LiCl and maintained at –108C to
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08C in an ice/acetonebath.To thesolution1 mmol of a dia-
cyl chloride wasadded,and the reactionwascarriedout at
–108C to 08C for about1 h and then at room temperature
overnight (for about 10h). As the polycondensation pro-
ceeded,the reactionmixture becamegraduallyviscous.The
resultingpolymer solution was slowly pouredinto 300 mL
of methanolgiving rise to a fiber-like precipitatewhich was
washedthoroughly with methanoland hot water, collected
by filtration anddried. The yields wereusuallyquantitative
andthe inherentviscosityof thepoly(o-hydroxyamide)swas
measuredin N,N-dimethylacetamide(DMAc) at a concentra-
tion of 0.5g/dL at 308C.

Preparationof poly(o-hydroxyamide)films andthermal
conversionto polybenzoxazoles

A polymersolutionfor preparingthe film wasmadeby dis-
solving about0.6g of the poly(o-hydroxyamide)samplein
6 mL of DMAc. The solution was pouredinto a 9 cm dia-
meterglassculture dish, which wasplacedin a 908C oven
for 12 h to removethesolvent.Then,theobtainedsemidried
polymer film was stripped from the glass substrateand
furtherdried in vacuoat 1508C for 8 h.

Polybenzoxazoleswere obtainedfrom the thermalcyclo-
dehydrationof poly(o-hydroxyamide)sat 3008C in vacuofor
8 h. The conversionwasproceededin form of films andthe
inherentviscositiesof the polybenzoxazolesthus obtained
weremeasuredin concentratedsulfuric acid at a concentra-
tion of 0.5g/dL at 308C.

Measurements

IR spectrawererecordedon a JascoIR-700infraredspectro-
meter. Elemental analyseswere run on a Perkin-Elmer
Model 2400C, H, N analyzerat theNationalTaiwanUniver-
sity (Taipei). The inherent viscosities were measuredat
0.5g/dL with a Cannon-Fenskeviscometerthermostatedat
308C. A Sinku Riko DSC-7000differentialscanningcalori-
meterequippedwith a SinkuRiko TA-7000thermalanalyzer
was usedto determinethe thermal transitions; the heating
ratewas208C/min. Glasstransitiontemperatures(Tg’s) were
readat the middle of the changein the heatcapacity. Ther-
mogravimetry(TG) wasanalyzedusinga DuPont951 ther-
mogravimetricanalyzer. Experimentswerecarriedout on 9–
11 mg samplesheatedin flowing nitrogen or air (50 cm3/
min) at a heatingrate of 208C/min. Wide-angleX-ray dif-
fraction measurementswereperformedat room temperature
(about258C) on a SiemensKristalloflex D5000 X-ray dif-
fractometer, using Ni-filtered Cu Ka radiation (40kV,
15mA). Thescanningratewas28/min overa rangeof 2h =
5–408. Tensilepropertiesof solutioncastfilms weredeter-
mined using an Instron universal tester, model HT-9102
(Hung Ta Instrument Co., Taiwan), with a load cell of
100kg. A gaugeof 2 cm anda crossheadspeedof 5 cm/min
were usedfor this study. Measurementswere performedat
room temperaturewith film specimens(6 cm long, 0.5cm
wide, and about0.1mm thick). An averageof at least five
individual determinationswasused.

Resultsand discussion

Polymersynthesis

Polybenzoxazolescan be synthesizedeasily in one-step
procedure using poly(phosphoric acid)3), phosphorus
pentoxide/methanesulfonic acid23), or trimethylsilyl phos-
phate24) asthecondensing medium. Isolation andthermal
cyclodehydration of soluble poly(o-hydroxyamide),
derived from the polycondensationof diacid derivatives
andbis(o-aminophenol)s in polar solvents,is an alterna-
tive methodfor the production of polybenzoxazolefilms
and fibers25). Becauseone of the diacyl chloride mono-
mersexhibits the isopropylidenegroup, an acid-sensitive
group, the latter two-stage synthetic procedure is
employed in the synthesis of polybenzoxazoles. Six
poly(o-hydroxyamide)s 6–11 were prepared by a low-
temperature solution polycondensationtechnique from
thediacyl chlorides1 and2 with threestructurally differ-
ent bis(o-aminophenol)s3, 4, and5 in an NMP solution
containing dissolvedLiCl at –108C to 08C for 1 h andat
room temperature for another 10h. Structuresandcodes
of the monomers and poly(o-hydroxyamide)s are illu-
strated in Fig. 1 and 2, respectively. The resultsof the

polymerizations are summarized in Tab.1. The inherent
viscosities ginh of the resulting poly(o-hydroxyamide)s
stayin the rangeof 0.60–0.93dL/g. It is worth mention-
ing that the 6F-containing bis(o-aminophenol) (5)-
derived poly(o-hydroxyamide)s 10 and 11 were attained
with moderatelyhigh molecular weights,asevidencedby
theinherentviscosity value around0.6dL/g. It seemsthat
thesilylationof bis(o-aminophenol) (5) reportedby Mar-
uyama et al.5) is not a necessary stepto attainhigh molar
mass poly(o-hydroxyamide)s in the low-temperature
solution polycondensationreaction. All these poly(o-
hydroxyamide)s are readily soluble in amide-type sol-
vents suchasNMP andDMAc andcanafford free-stand-
ing films by means of solution casting. The films
obtained are all flexible and tough. Polymers 6–9 are

Fig. 1. Structuresandcodesof monomers
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brownish,while polymers10 and11 arecolorlessto light
yellow.

The formation of poly(o-hydroxyamide)s was con-
firmed by means of IR spectroscopyandelementalanaly-
sis. The polymersexhibit broadabsorption bandsin the
region of 2500–3500 cm–1 (O1H and N1H str.) and
1650 cm–1 (amide C2O str.). The elemental analysis
valuesare in goodagreementwith the calculated values
of the proposedstructuresof the polymers. In all cases,
however, the carbon percentages were found to be
slightly lower than the calculated onesfor the proposed

structures.This is probably causedby the hygroscopic
nature of theamidegroupsof thesepolymers.

In the secondstage, the poly(o-hydroxyamide)s thus
obtained were subjected to thermal cyclodehydration.
The conversionto polybenzoxazoles(Fig. 3) wascarried
out in the form of films at 3008C in vacuo for about8 h,
and the conversionprocesswas followed by changesin
theIR spectraof thefilms. Fig. 4 shows typical IR spectra
of the representative pair of poly(o-hydroxyamide) 11
andits corresponding polybenzoxazole17. The complete
disapperanceof the absorption bandsaround3000 and
1650 cm–1 indicates the completion of the cyclization
process,togetherwith the appearance of an absorption at
1602 cm–1 characteristicof the benzoxazolering, almost
overlappingwith oneof theabsorption bandsof aromatic
C2C str. The elemental analysis values of the trans-
formed polymers agree well with the values calculated
for the polymerswith benzoxazolestructures.There is
sufficient difference in oxygen content between the
poly(o-hydroxyamide) andthe resulting polybenzoxazole
to make possible a determination of the extent of reac-
tion. This conversion could alsobe moniteredby means
of thermogravimetry (TG) and differential scanning
calorimetry (DSC),which will bediscussedsubsequently.
The polybenzoxazoles thus obtained,except for 17, are
insoluble in mostorganic solvents,while theyaresoluble
in cold concentrated sulfuric acid. The isopropylidene
group-containing polybenzoxazoles were decomposed
simultaneously during the dissolution process, as indi-
cated by the very low inherent viscosity values (near
zero). Thepolybenzoxazolesderivedfrom diacyl chloride
2 haveinherent viscosities of 0.53–1.03dL/g in concen-
trated sulfuric acid, indicating that no thermal degrada-

Fig. 2 . Structuresandcodesof poly(o-hydroxyamide)s

Tab.1. Inherent viscosities of poly(o-hydroxyamide)s and
polybenzoxazoles

Poly(o-hydroxyamide)a) Polybenzoxazoleb)

Monomers Code ginh

dL=g

c� Code ginh

dL=g

d�

1 + 3 6 0.64 12 Dec.e)

2 + 3 7 0.93 13 0.53
1 + 4 8 0.60 14 Dec.
2 + 4 9 0.92 15 1.03
1 + 5 10 0.62 16 Dec.
2 + 5 11 0.63 17 0.53(0.45)c)

a) Polymerizationscarriedout with 1 mmol of eachmonomer
in 5 mL NMP in thepresenceof 0.2 g LiCl at –108C to 08C
for 1 h andat roomtemperaturefor another 10h.

b) Conversion of the poly(o-hydroxyamide)s to polybenzoxa-
zoleswascarriedout by heatingat 3008C for 8 h in vacuo.

c) Measuredat a concentrationof 0.5g/dL in DMAc at 308C.
d) Measuredat a concentrationof 0.5 g/dL in concentrated sul-

furic acidat 308C, unlessotherwiseindicated.
e) Decomposed.

Fig. 3. Structuresandcodesof polybenzoxazoles
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tion leading to molecular chain scission occurred during
the conversion processandduring the viscosity determi-
nation.This alsoindicatesthat the6F linkage hasa good
acid-resistance.

Propertiesof thepolymers

The solubility of the polymers was evaluatedqualita-
tively andtheresultsarepresentedin Tab.2. All poly(o-
hydroxyamide)s are easily soluble in polar aprotic sol-
ventssuchas NMP, DMAc, DMSO, and DMF at room
temperature. Nevertheless,they still exhibit excellent
resistanceto lesspolar solvents suchas m-cresol,THF,
chloroform, acetone,and ethanol. The poly(o-hydroxy-
amide)s10 and11 derivedfrom 6F bis(o-aminophenol) 5
revealan enhancedsolubility. In additionto highly polar
solvents,they are also soluble in cold or hot m-cresol,

THF, and acetone. This may be due to the existenceof
the bulky flexible hexafluoroisopropylidene groupsthat
loosethe chainpackingandallow the solventmolecules
to diffuseinto thepolymerchainsmoreeasily.

The polybenzoxazoles, on the other hand, dissolved
only in cold sulfuric acid. Despitethe fact that the poly-
benzoxazolesareamorphous,theywere quiteinsoluble in
organicsolvents,with theexceptionof polymer17, which
contains the bulky 6F group in both the diacid and the
bis(o-aminophenol) moieties along the macromolecular
backbone.

Wide-angle X-ray diffractograms indicate that all
poly(o-hydroxyamide) and polybenzoxazole films are
amorphous, which maybedueto thepresenceof flexible
ether and isopropylidene or hexafluoroisopropylidene
linkagesin the polymer backbones.All poly(o-hydroxy-
amide)s could be solution-cast into flexible and tough

Fig. 4. IR spectra of poly(o-hydroxyamide)11 (top) andpolybenzoxazole17 (bot-
tom)
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films. Thesefilms were subjectedto tensile testing, and
the resultsare given in Tab.3. The tensilestrengths and
the elongationsat breakarein the rangeof 93–104 MPa
and7–10%,respectively. The6F diacyl chloride-derived
poly(o-hydroxyamide)s exhibit slightly higher strength
and toughnessthan the isopropylidene-containing poly-
mers.All thermally converted polybenzoxazolefilms are
also flexible and tough. However, most of the films
shrankor bubbled during the cyclization process; there-
fore, their mechanical properties were not evaluated.
Good-quality andsmoothpolybenzoxazolefilms may be
obtained if a carefully designed heating program is
employed.

The thermal behavior of the poly(o-hydroxyamide)s
andpolybenzoxazoleswasinvestigated by DSC andTG.
The isopropylidene diacyl chloride (1)-based poly(o-

hydroxyamide)sdisplaydistinct glasstransitionsbetween
152–1768C in the first DSC scan.All poly(o-hydroxy-
amide)sexhibit strong endothermic peaksbetween220–
3508C, with peak temperatures around 289–3118C,
which areattributed to the lossof waterduring the con-
version of poly(o-hydroxyamide) to polybenzoxazole.
Fig. 5 showsa typical pair of TG and DSC curves for
poly(o-hydroxyamide) 10 and polybenzoxazole 16. The
TG trace of poly(o-hydroxyamide) 10 reveals that the
weight lossstartedaround 2308C andcame to an endat
about 3508C. Theweight lossis dueto thethermal cyclo-
dehydration of the poly(o-hydroxyamide), which also
agreeswell with the strong endothermic peak between
221–3558C. Polybenzoxazole16 startedto loseweight at
around 5108C and left 65.5% residualcharwhenheated
to 8008C in nitrogen. The baseline shift centeredat

Tab.2. Solubility behaviorof poly(o-hydroxyamide)sandpolybenzoxazolesa)

Poly(o-hydroxyamide) Polybenzoxazole

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

conc.H2SO4 d + d + d + d + d + d +
NMP + + + + + + – – – – – +

DMAc + + + + + + – – – – – +
DMF + + + + + + – – – – – –

DMSO + + + + + + – – – – – –
m-Cresol – – – – + +h – – – – – –

THF – – – – + + – – – – – –
Acetone – – – – + +h – – – – – –
Ethanol – – – – – – – – – – – –

Chloroform – – – – – – – – – – – –

a) Solubility: +, solubleat roomtemperature;+h, solubleonheating;–, insolubleevenonheating; d: decomposed.
b) DMSO: dimethylsulfoxide; THF: tetrahydrofuran.

Tab.3. Tensilepropertiesandthermalbehaviordataof poly(o-hydroxyamide)sandpolybenzoxazoles

Poly(o-hydroxyamide) Polybenzoxazole

Tensilepropertiesof
polymerfilms

DSC DSC TG

AFFFFFFFFFDFFFFFFFFFFS AFFFFFFFFFFFDFFFFFFFFFFFS AFFFFFFFDFFFFFFFS
Code strength-to-

breakin MPa
elongation

to-break in %
Tg

�C

a� To

�C

b� Tp

�C

c� Code Tg

�C

d� Td

�C

e� charyield
%

f�

6 99 8 152 246 297 12 224 572(548) 65.1
7 102 10 –g) 253 311 13 231 582(591) 65.1
8 99 7 165 253 300 14 223 569 61.5
9 104 10 – 243 298 15 225 579 65.3

10 85 8 176 221 294 16 218 564 60.7
11 93 10 – 235 289 17 218 567 55.0

a) Temperatureat themiddlepoint of baselineshift on thefirst DSCheating trace,with a heating rateof 208C/min in nitrogen.
b) Extrapolatedonsettemperatureof theendothermic peak.
c) Endothermpeaktemperature.
d) Midpoint temperatureof baselineshift on thesecondDSCheating traceof thesampleafterrapidcoolingfrom 4508C in nitrogen.
e) 10%weight-losstemperatureat aheating rateof 208C/min in nitrogen;valuesin parentheseswereobservedin air.
f) Residual wt.-% whenheatedto 8008C in nitrogen.
g) Dif ficult to judge.
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1768C in the first DSC heatingtrace is ascribed to the
glasstransition of poly(o-hydroxyamide) 10. After rapid
coolingfrom 4508C, polybenzoxazole(16) formedin situ
showeda distinct glasstransition around2188C on the
subsequentDSC heatingtrace.The increased Tg of poly-
benzoxazole 16 when compared to its poly(o-hydroxy-
amide)precursor10 may be a reflection of an enhanced
chainrigidity dueto the formation of benzoxazole rings.
All poly(o-hydroxyamide)sandpolybenzoxazolesexhibit
a similar DSC andTG behavior, andsomeof their ther-
mal behavior dataaresummarizedin Tab.3. All polyben-
zoxazolesdo not loseweight up to 5008C in air or nitro-
gen,andthe temperaturesat which 10% weight-losswas
recordedare in the 553–6078C range in nitrogen.Char
yields areA55.0%for all of themwhenheated to 8008C
in nitrogen. Their glasstransition temperatures(Tg’s) are
between218–2318C. The large window betweenTg and
thedecompositiontemperaturemakesthesepolybenzoxa-
zolesattractive for practicalprocessing.

Conclusions
Six poly(o-hydroxyamide)swith high molar masses have
been prepared from 4,49-[isopropylidenebis(1,4-phenyl-
ene)dioxy]dibenzoylchloride (1) and4,49-[hexafluoroiso-
propylidenebis(1,4-phenylene)dioxy]-dibenzoyl chloride
(2) with bis(o-aminophenol)s by low-temperature solu-
tion polycondensation. All poly(o-hydroxyamide)s were
easily solublein a variety of organic solvents and could
be castinto flexible and tough films from their polymer

solutions.TheyhaveTg’s between152–1768C andcould
be transformedto the correspondingpolybenzoxazolesat
elevatedtemperatures. The polybenzoxazolesrevealeda
dramatically decreasedsolubility but higher Tg’s when
compared to their corresponding poly(o-hydroxyamide)
prepolymers. All polybenzoxazoles showed excellent
thermal stability. Thus, the prepared polybenzoxazoles
arepromisingcandidatesfor newhigh performancepoly-
mericmaterials.
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