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Aromatic polybenzoxazoles are a class of heterocyclic
polymers that exhibit outstanding thermooxidative stabi-
lity, high tensile modulusandstrength, andsuperior che-
mical resistance1,2). A few rigid-rod polybenzoxazoles
havebeenreportedto havepotential for fabrication into
high-modulus, high-strength fiber3,4). However, as with
aromatic polyimides they are generallydifficult to pro-
cessbecauseof their poorthermal processibility andpoor
solubility in conventional organic solvents.As a conse-
quence,potential applications havebeenlimited. There-
fore, attemptshave beenmade to modify the backbone
structureand improve their processibility 5–11). One suc-
cessfulapproachis to introduceflexible linkagesinto the
polybenzoxazolebackbone in order to increaseprocessi-
bility. In mostof theseapproaches,fluorinatedmonomers
were introducedinto the polymer backbone to enhance
the polymer solubility, while retainingthe desirablether-
mooxidation stability. For example, by the incorporation
of the 2,2-hexafluoroisopropylidene (6F) group into the
polybenzoxazole backbone solubility was enhanced,
while favorable thermooxidative stability and high glass
transition temperatures were retained5,8–11). Similarly,
soluble poly(ether benzoxazole)s have been generated
and display properties intermediate between the two
homopolymers12,13). Desired properties resulting from
thesematerials includethermoplasticity, excellent tensile
properties,andenhancedtoughness.

As part of an effort to develophigh performance,high
temperature resistant polymers, we are interestedin the
potential usefulnessof naphthyl moieties as bulky and
symmetrical units in the main chain. Recently, we have
reportedthataramidsderivedfrom 4,49-(1,4-naphthylene-
dioxy)dibenzoic acid14) and 4,49-(2,6-naphthylenedioxy)-
dibenzoic acid15) had improved solubility with retention
of high thermalstability. Theseresulting polyamide films
exhibit good mechanical properties. The present article
deals with the synthesis and basic characterization of
flexible aromatic polybenzoxazoles bearing both ether
and 1,4-naphthylene or 2,6-naphthylene units. These
polymers were prepared in solution by the reaction of
4,49-(1,4-naphthylenedioxy)dibenzoyl chloride or 4,49-
(2,6-naphthylenedioxy)dibenzoyl chloride with bis(o-
aminophenol)s at low-temperatures.The properties of
these polymers including solubility, tensile properties,
crystallinity, andthermal behavior wereexamined.

Experimental part

Materials

4,49-(1,4-Naphthylenedioxy)dibenzoicacid and 4,49-(2,6-
naphthylenedioxy)dibenzoicacid were prepared by the
nucleophilicfluorodisplacementreactionof p-fluorobenzoni-
trile with 1,4-dihydroxynaphthaleneand 2,6-dihydroxy-

A series of new poly(o-hydroxyamide)shaving high
molecularweights were synthesizedby low-temperature
solutionpolycondensationof 4,49-(1,4-naphthalenedioxy)-
dibenzoylchloride and4,49-(2,6-naphthalenedioxy)diben-
zoyl chloridewith threebis(o-aminophenol)s.Subsequent
thermal cyclodehydrationof the poly(o-hydroxyamide)s
affords novel polybenzoxazoles.All the poly(o-hydroxy-

amide)s are readily soluble in a variety of solvents,
whereasthe polybenzoxazolesare insoluble with one
exception.The polybenzoxazolesexhibit glasstransition
temperaturesin therangeof 266–2798C andarestableup
to 5008C in air or nitrogen,with a 10% weight loss in
nitrogenin a temperaturerangeof 570–6358C.
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naphthalene,respectively, followed by the hydrolysis reac-
tion of thedinitrile compoundsin potassiumhydroxidesolu-
tion, accordingto reportedprocedures14,15). The reactionof
the two dicarboxylic acids with excessthionyl chloride in
the presenceof a few drops of N,N-dimethylformamide
(DMF) as a catalyst affords diacyl chlorides 4,49-(1,4-
naphthalenedioxy)dibenzoylchloride (1) and 4,49-(2,6-
naphthalenedioxy)dibenzoylchloride (2), respectively. Dia-
cyl chloride1 waspurified by recrystallizationfrom a mix-
ture of hexaneand toluene to afford white needles;mp.
167–1688C (lit 16) 167–1688C), diacyl chloride 2 waspuri-
fied by recrystallizationfrom tolueneto give white needles;
mp.185–1868C (lit 16) 185–1868C). Thearomaticbis(o-ami-
nophenol)monomersthat included3,39-dihydroxybenzidine
(TCI), 3,39-diamino-4,49-dihydroxy-biphenyl(TCI) and 2,2-
bis(3-amino-4-hydroxyphenyl)hexafluoropropane (TCI)
wereof high purity andusedasreceived.N-Methyl-2-pyrro-
lidone (NMP) was purified by distillation under reduced
pressureovercalciumhydrideandstoredover4 Å molecular
sieves.Commercially obtainedanhydrouslithium chloride
wasdriedundervacuumat 1808C for 8 h.

Synthesisof poly(o-hydroxyamide)s

The low-temperaturesolution polycondensationtechnique
was employedin this investigation.A typical procedureof
preparing poly(o-hydroxy amide)s is as follows. First,
2 mmol of a bis(o-aminophenol)weredissolvedin 10 mL of
NMP and maintainedat –108C l 08C in an ice-acetone
bath.To thesolution0.6 mL of propyleneoxidewereadded,
then2 mmol of diacyl chloridewereadded,andthe reaction
was carriedout at –108C l 08C for about1 h and then at
room temperatureovernight (for about 10h). As the poly-
condensationproceeded,thereactionmixturebecamegradu-
ally viscous. The resulting polymer solution was slowly
pouredinto 300 mL of methanolgiving rise to a fiber-like
precipitatewhich waswashedthoroughlywith methanoland
hot water, collectedby filtration anddried. The yields were
usuallyquantitativeandthe inherentviscosityof thepoly(o-
hydroxy amide)swasmeasuredin DMAc at a concentration
of 0.5g/dL at 308C.

Preparationof poly(o-hydroxyamide)films andthermal
conversionto polybenzoxazoles

A polymersolutionfor preparingthe film wasmadeby dis-
solvingabout0.6g of thepoly(o-hydroxyamide)samplein 6
mL of DMAc. The solution was poured into a w = 9 cm
glassculturedish,which wasplacedin a 908C ovenfor 12 h
to removethesolvent.Then,theobtainedsemidriedpolymer
film wasstrippedfrom the glasssubstrateand further dried
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. Elementalanalyseswererun in a Perkin-ElmerModel
2400 C, H, N analyzerat the National Taiwan University
(Taipei).The inherentviscositiesweremeasuredat 0.5g/dL
with a Cannon-Fenskeviscometerthermostatedat 308C. A
Sinku Riko DSC-7000 differential scanning calorimeter
equippedwith a Sinku Riko TA-7000 thermalanalyzerwas
usedto determinethe thermal transitions.Heatingrate was
208C/min. Glasstransition temperatures(Tgs) were readat
the middle of the changein the heatcapacity. Thermogravi-
metry (TG) wasanalyzedusinga DuPont951 thermogravi-
metric analyzer. Experimentswere carriedout on 9–11 mg
samplesheatedin flowing nitrogenor air (50 cm3/min) at a
heating rate of 208C/min. Wide-angle X-ray diffraction
measurementswere performedat room temperature(about
258C) on a SiemensKristalloflex D5000 X-ray diffract-
ometer, using Ni-filtered CuKa radiation (40kV, 15mA).
The scanningratewas28/min over a rangeof 2h = 5–408.
Tensile propertiesof solution cast films were determined
using an Instron universaltester, model HT-9102 (Hung Ta
Instrument Co., Taiwan),with a load cell of 10kg. A gauge
of 2 cm and a crossheadspeedof 5 cm/min were usedfor
this study. Measurementswereperformedat room tempera-
turewith film specimens(6 cm long,0.5cm wide,andabout
0.1mm thick). An averageof at leastfive individual deter-
minationswasused.

Resultsand discussion

Polymersynthesis

Polybenzoxazolesmight be synthesized easily in a one-
step procedure using poly(phosphoric acid)3), phosphor-
ous pentoxide/methanesulfonicacid17), or trimethylsilyl
phosphate18) as the reaction medium.Isolation and ther-
mal cyclodehydration of soluble poly(o-hydroxyamide),
derived from the polycondensationof diacid derivatives
and bis(o-aminophenol)s in polar solvent, is an alterna-
tive methodfor the production of polybenzoxazolefilms
andfibers19). Six poly(o-hydroxyamide)s6–11 werepre-
pared readily by the low-temperaturesolution polycon-
densationof diacyl chlorides1 or 2 with threestructurally
different bis(o-aminophenol)s3, 4, and 5 in NMP solu-
tion in thepresenceof propyleneoxideastheacidaccep-
tor at –108C l 08C for 1 h andat room temperature for
another 10 h. The low-temperature polycondensation
using propyleneoxide asthe acid acceptor wasgenerally
more preferable thanthat usingtriethylaminefor thepre-
parationof highermolecular weightaramids20). Structures
and codesof the monomersand poly(o-hydroxyamide)s
areillustratedin Fig. 1 and2, respectively. The resultsof
thepolymerizationsaresummarized in Tab.1. The inher-
ent viscosities of the resulting poly(o-hydroxyamide)s
stayin the rangeof 0.66–1.55dL/g. It is worth mention-
ing that the 6F-containing bis(o-aminophenol) (5)-



44 G.-S.Liou, S.-H.Hsiao

derived poly(o-hydroxyamide)s10 and 11 are attained
with high molecular weights,asevidencedby the inher-
ent viscosity value around0.7 dL/g. It seemsto be that
silylation of bis(o-aminophenol) (5) reported by Mar-
uyamaet al.5) is not a necessary stepto attainhigh-molar-
mass poly(o-hydroxyamide)s in the low-temperature

Fig. 1. Structuresandcodesof monomers

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

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

Poly(o-hydroxyamide)a) Polybenzoxazolec)

Monomers Code ginh

dL=g

b� Code ginh

dL=g

b�

1 + 3 6 1.35 12 0.88
2 + 3 7 1.55 13 0.55
1 + 4 8 1.15 14 0.82
2 + 4 9 1.31 15 0.53
1 + 5 10 0.66 16 0.44
2 + 5 11 0.71 17 0.32

a) Polymerizationwascarriedout with 2 mmol of eachmono-
mer in 10 mL of NMP in the presenceof 0.6 mL of propyl-
eneoxide at –10-08C for 1 h and at room temperature for
another 10h.

b) Measuredat a concentrationof 0.5g/dL in DMAc at 308C.
c) The conversionof the poly(o-hydroxyamide)to the poly-

benzoxazolewascarriedout by heatingat 3008C for 8 h in
vacuo.

d) Measuredat a concentrationof 0.5 g/dL in concentratedsul-
furic acidat 308C.
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solution polycondensation reaction. All these poly(o-
hydroxyamide)s are readily soluble in amide-type sol-
ventsincluding NMP and DMAc and could afford free-
standingfilms by meansof solution casting. The films
obtainedare all flexible and tough. Polymers 6–9 are
brownish,while polymers10 and 11 are light yellow in
color.

The formation of poly(o-hydroxyamides) was con-
firmed by means of IR spectroscopyandelementalanaly-

sis. The polymersexhibit broad absorption bandsin the
region of 2500–3500 cm–1 (O1H and N1H str.) and
1650cm–1 (amideC2O str.).

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,
andtheconversionprocesscould beobservedthechange
in the IR spectraof the films. Fig. 4 shows typical IR
spectra of the representative pair of poly(o-hydroxy-
amide) 7 andits correspondingpolybenzoxazole13. The
complete disappearanceof the absorption bandsaround
2500–3500 and 1650 cm–1 indicate the completion of
the cyclization process, together with the appearance of
an absorption at 1602cm–1 characteristic of the benzoxa-
zole ring, which is almost overlapped with one of the
absorption bandsof aromatic C2C str. The elemental
analysis values of the transformedpolymers agree well
with thevaluescalculatedfor thepolymerswith benzoxa-
zole structures.There is sufficient difference in oxygen
content between the poly(o-hydroxyamide) and the
resulting polybenzoxazole.This conversioncouldalsobe
moniteredby the thermogravimetry (TG) anddifferential
scanning calorimetry (DSC) analysis that will be dis-
cussedlater on. The polybenzoxazoles thus obtained,
except for 16 and 17, are insoluble in most organic sol-
vents,while theyaresoluble in cold concentratedsulfuric
acid. The polybenzoxazoles derived from thesediacyl
chlorideshave inherentviscosities of 0.32–0.88 dL/g in
concentratedsulfuric acid.

Propertiesof polymers

The solubility of all the polymerswasevaluated qualita-
tively and the results are presented in Tab.2. All of the
poly(o-hydroxyamide)sareeasilysolublein polaraprotic
solventssuchasNMP, DMAc, DMSO, andDMF at room

Fig. 3. Structuresandcodesof polybenzoxazoles

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

Solventb) Poly(o-hydroxyamide) Polybenzoxazole

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

conc.H2SO4 + + + + + + + + + + + +
NMP + + + + + + – – – – +h +h
DMAc + + + + + + – – – – – –
DMF + + + + + + – – – – – –
DMSO + + + + + + – – – – – –
m-Cresol – – – – + +h – – – – – –
THF – – – – + + – – – – – –
Acetone – – – – + + – – – – – –
Ethanol – – – – – – – – – – – –
Chloroform – – – – – – – – – – – –

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

THF: tetrahydrofuran.



46 G.-S.Liou, S.-H.Hsiao

temperature. Nevertheless,they still exhibit excellent
resistanceto lesspolar solventssuchas m-cresol, THF,
chloroform, acetone, and ethanol. The poly(o-hydroxy-
amide)s 10 and11 derived from 6F-bis(o-aminophenol)5
reveal an 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 groups to
preventclosechainpacking,andallow solventmolecules
to diffuseinto thepolymer chains.

Thepolybenzoxazoles,on theotherhand,dissolveonly
in cold sulfuric acid.Despite thefact thatall thepolyben-

zoxazolesare amorphous, they are quite insoluble in
organic solvents,with the exception of polymers16 and
17, which containthebulky 6F groupin thebis(o-amino-
phenol)moietiesalongthemacromolecularbackbone.

The absenceof crystallinity of the prepared poly(o-
hydroxyamide) and polybenzoxazole films were con-
firmed by wide-angle X-ray diffraction studies. The
amorphous nature of thesepolymers may be due to the
presenceof flexible naphthalenedioxy ether linkagesin
the polymer backbones. All of the polybenzoxazoles
show higher chain packing than the corresponding
poly(o-hydroxyamide)sdueto the rigid andplanar nature

Fig. 4. IR spectraof poly(o-hydroxyamide)7 andpolybenzoxazoles13
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of benzoxazolemoieties. Their poor solubility is reflec-
tive of close chain packing. All the poly(o-hydroxy-
amide)scanbesolution-castinto flexible andtoughfilms.
These films were subjectedto tensile testing, and the
results aregiven in Tab.3. The tensile strengthsand the
elongationsat breakare in the rangeof 75–92 MPa and
8–11%, respectively. All the thermally converted poly-
benzoxazolefilms arealsoflexible andtough,indicating
that no thermal degradation leading to molecular chain
scission occurred during the conversion process. How-
ever, most of the films shrink during the cyclization pro-
cess; therefore,their mechanical propertieswerenot eval-
uated. Good-quality and smoothpolybenzoxazolefilms
maybeobtainedunder propertension andslower heating
speed.

The thermal behavior of the poly(o-hydroxyamide)s
andpolybenzoxazoles wasinvestigatedby DSC andTG.
All the poly(o-hydroxyamide)s exhibit strong endother-
mic peaksbetween209–3618C in the first DSC scan,
with peak temperatures around 254–2718C, which are
attributed to loss of water during the conversion of the
poly(o-hydroxy amide) to polybenzoxazole.Fig. 5a and
5b showa typical pair of TG andDSCcurvesfor poly(o-
hydroxyamide) 7 andpolybenzoxazole 13. The TG trace
of poly(o-hydroxyamide) 7 reveals an onset of weight
lossaround2008C that comesto an endat about3008C.
Theweight lossis dueto thethermalcyclodehydrationof
the poly(o-hydroxyamide), which also agrees well with
the strongendothermic peakbetween213–3478C. Poly-
benzoxazole13 startsto loseweightat around5008C and
leaves 75.0% residual char when heatedto 8008C in
nitrogen.After rapidcooling from 4508C in thefirst DSC
heating trace, the polybenzoxazole(13) formed in situ

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

Poly(o-hydroxyamide) Polybenzoxazole

Tensilepropertiesof
polymerfilms

DSCa) DSC TG

Code strength-
to-break
in MPa

elongation-
to-break

in %

T0
b)/ 8C Tp

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

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

in %

6 81 11 210 268 335 12 266 615(570) 73.7
7 92 9 213 271 347 13 271 615(575) 75.0
8 83 10 211 265 340 14 273 625(575) 72.5
9 91 8 209 258 357 15 275 635(580) 74.6

10 75 11 211 255 348 16 277 570(550) 61.7
11 79 9 213 254 361 17 279 570(555) 62.8

a) Temperatureat themiddlepoint of baselineshift on thefirst DSCheating trace,with a heating rateof 208C/min in nitrogen.
b) Extrapolatedonsettemperatureof theendothermic peak.
c) Endothermicpeaktemperature.
d) Extrapolatedfinal temperatureof theendothermic peak.
e) Midpoint temperatureof baselineshift on thesecondDSCheating traceof thesampleafterrapidcoolingfrom 4508C in nitrogen.
f) 10%wt.-losstemperatureat a heatingrateof 208C/min in nitrogen.Valuesin parentheseswereobservedin air.
g) Residual wt.-% whenheatedto 8008C in nitrogen.

Fig. 5. (a) TG curvesfor (A) poly(o-hydroxyamide) 7 and(B)
polybenzoxazole 13 at a heating rate of 208C/min; (b) DSC
curvesfor (A) poly(o-hydroxyamide)7 and(B) polybenzoxazole
13at a heating rateof 208C/min in nitrogen
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showsadistinctglasstransitionaround2718C on thesub-
sequent DSCheating trace.TheincreasedTg of polybenz-
oxazole13 when comparedto its poly(o-hydroxyamide)
precursor7 may be a reflection of an enhancedchain
rigidity dueto the formationof thebenzoxazolering. All
thepoly(o-hydroxyamide)sandpolybenzoxazolesexhibit
a similar DSC andTG behavior, andtheir thermal beha-
vior dataaresummarized in Tab.3. All thepolybenzoxa-
zolesdo not loseweight up to 5008C in air or nitrogen,
and the temperatures at which 10% weight loss are
recorded are in the 570–6358C rangein nitrogen.All of
themexhibit charyields in excessof 61.7%at 8008C in
nitrogen. Their glass transition temperatures (Tgs) are
recorded between 266–2798C. The large window
between Tg and the decomposition temperature make
these polybenzoxazolesattractive for practical proces-
sing.

Conclusions
Six poly(o-hydroxyamide)swith high molar masseshave
beenpreparedfrom 4,49-bis(1,4-naphthalenedioxy)diben-
zoyl chloride (1) and 4,49-bis(2,6-naphthalenedioxy)di-
benzoyl chloride (2) with bis(o-aminophenol)s by the
low-temperature solution polycondensation. All the
poly(o-hydroxyamide)sareeasily solublein a variety of
organic solventsand can be castinto flexible and tough
films from their polymer solutions. They can be trans-
formed to the corresponding polybenzoxazolesat ele-
vated temperatures and reveal a dramatically decreased
solubility but higher Tgs when comparedto their corre-
sponding poly(o-hydroxyamide) prepolymers. All the
polybenzoxazolesshowexcellent thermal stability. Thus,
the preparedpolybenzoxazolesare promising candidates
for newhigh performancepolymericmaterials.
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