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A series of new poly(o-hydroxyamide)s having high
molecularweights were synthesizedoy low-temperature
solutionpolycondensatiowf 4,4-(1,4-naphthalenedioxy)-
dibenzoylchloride and 4,4-(2,6-naphthaleedioxy)diben-
zoyl chloridewith threebis(o-aminophenol)sSubseqant
thermal cyclodehydrationof the poly(o-hydroxyamide)s
affords novel polybenzoxazolesAll the poly(o-hydroxy-

amide)s are readily soluble in a variety of solvents,
whereasthe polybenzoxazolesare insoluble with one
exception.The polybenzoxazolegxhibit glasstransition
temperatures the rangeof 266—-279°C andarestableup
to 500°C in air or nitrogen, with a 10% weight loss in
nitrogenin atemperatureangeof 570-635°C.

Preparatiorandcharacterizatioof aromatic
polybenzoxazolebearingetherandl,4-naphthalener
2,6-naphthalenanitsin the mainchain

Guey-Sheg Liou*, Sheng-Hue Hsiad

! Departmenbf ChemicalEngineering)-ShouUniversity, 1 Hsuen-Chendrd., Sec.1, Ta-HsuHsiang,

Kaohsung, 84008, Taiwan,Republicof China

2 Departmentf ChemicalEngineering Tatunginstitute of Technology40 Chungsharmorth Rd., Sec.3,

Taipei 104, Taiwan,Republicof China
(ReceivedFebruary26,1999;revised:May 17,1999)

Aromadtic polybenzoxazole are a class of heteocyclic

polymers that exhibit outstanéhg thermooxdative stabt

lity, high tensilke modulusandstrengh, andsuperig che-
mical resstancé?. A few rigid-rod polyberzoxazoles
have beenreportedto have potentid for fabricaion into

high-madulus, high-stremth fiber®4. Howeer, as with

aromaic polyimides they are generallydifficult to pro-

cesshecaseof their poorthermd procesility andpoor
solubility in convenional organic solvents. As a conse-
guence,potentid applicatbns have beenlimited. There-

fore, attemptshawe beenmack to modify the backbone
structureand improve their procesibility >%. One suc-
cessfulapprachis to introduceflexible linkagesinto the
polyberzoxazolebackbor in orderto increaseprocess

bility. In mostof theseapprachesfluorinatedmonomes

were introducedinto the polymer backbor to enhance
the polymer solubility, while retainingthe desirablether

mooxidatbn stabilty. For exanple, by the incorporation
of the 2,2-hexafluobisopropyidene (6F) group into the

polyberzoxazole backbone solubility was enhanced,
while favorable thermooxdative stablity and high glass
transiton tempeatures were retained-® . Similarly,

soluble poly(ether benzoxaple)s hawe been gererated
and dispay propertes intermediate between the two

homomlymers?!®, Desired properties resultig from

thesematerialsincludethernoplasticity, excelenttensile
properties, andenhancedoughress.

As patt of an effort to develophigh performance,high
temperatue resisant polymes, we are interestedin the
potential usefulress of naphthy moieties as bulky and
symmetricd units in the main chain. Recently we have
reportedthataramidsderivedfrom 4,4-(1,4-naphthyene-
dioxy)diberrzoic acid® and 4,4-(2,6-naphthyenediox)-
dibenzot acid® had improved solubility with retention
of high thermalstabilty. Theseresuting polyamde films
exhibit goad mechanical propertes. The presat article
deals with the synthegs and basic chamacterization of
flexible aramatic polybenzoxaoles beaing both ethe
and 1,4-naplthylene or 2,6-napthylene units. These
polymerswere prepaed in solution by the readion of
4,4-(1,4naphthylendioxy)diberzoyl chloride or 4,4-
(2,6-naphiylenedoxy)dibereoyl chloride with bis(o-
aminophepl)s at low-temperatures.The propertes of
these polymers including solubility, tensle propertes,
crystallinity, andthermal behavia wereexanined.

Experimental part

Materials

4,4-(1,4-Naphthylenedioxy)dibenzoicacid and 4,4-(2,6-
naphthylenedioxy)dibenzoicacid were prepared by the
nucleophilicfluorodisplacementeactionof p-fluorobenzoni-
trile with 1,4-dihydroxynaphthaleneand 2,6-dihydroxy-
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naphthalenerespectively followed by the hydrolysisreac-
tion of the dinitrile compoundsn potassiumhydroxidesolu-

tion, accordingto reportedprocedure®:'®. 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 4,4-(1,4-

naphthalenedioxy)dibenzoyichloride (1) and 4,4-(2,6-

naphthalenedioxy)dibenzoyhloride (2), respectively Dia-

cyl chloride 1 was purified by recrystallizationfrom a mix-

ture of hexaneand toluene to afford white needles;mp.

167-168°C (lit*® 167-168°C), diacyl chloride 2 was puri-

fied by recrystallizationfrom tolueneto give white needles;
mp. 185-186°C (lit'® 185-186°C). The aromatichis(o-ami-

nophenol)monomersthat included 3,3-dihydroxybenzidine
(TCI), 3,3-diamino-4,4dihydroxy-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
pressurevercalciumhydrideandstoredover4 A molecular
sieves.Commercially obtainedanhydrouslithium chloride
wasdriedundervacuumat 180°C for 8 h.

Synthesi®f poly(o-hydoxyamide)s

The low-temperaturesolution polycondensatiortechnique
was employedin this investigation.A typical procedureof
preparing poly(o-hydroxy amide)s is as follows. First,
2 mmol of a bis(o-aminophenolweredissolvedin 10 mL of
NMP and maintainedat —10°C ~ 0°C in an ice-acetone
bath.To the solution0.6 mL of propyleneoxide wereadded,
then2 mmol of diacyl chloridewereaddedandthe reaction
was carriedout at —10°C ~ 0°C for about1 h andthen at
room temperatureovernight (for about10h). As the poly-
condensatiomproceededthe reactionmixture becamegradu-
ally viscous. The resulting polymer solution was slowly
pouredinto 300 mL of methanolgiving rise to a fiber-like
precipitatewhich waswashedhoroughlywith methanoland
hot water, collectedby filtration anddried. The yields were
usually guantitativeandthe inherentviscosity of the poly(o-
hydroxy amide)swasmeasuredn DMAc at a concentration
of 0.5g/dL at30°C.

Preparationof poly(o-hydoxyamide)films andthermal
conversiorto polybenzoxazoles

A polymersolutionfor preparingthe film wasmadeby dis-
solvingabout0.6 g of the poly(o-hydroxyamide)samplein 6
mL of DMAc. The solution was pouredinto a y = 9cm
glassculturedish,whichwasplacedin a 90°C ovenfor 12 h
to removethe solvent. Then,the obtainedsemidriedpolymer
film was strippedfrom the glasssubstrateand further dried
in vacuoat 150°C for 8 h.

Polybenzoxazolesvere obtainedfrom the thermal cyclo-
dehydratiorof poly(o-hydroxyamide)sat 300°C in vacuofor
8 h. The conversionwasproceededn form of films andthe
inherentviscositiesof the polybenzoxazoleshus obtained
were measuredn concentratedulfuric acid at a concentra-
tion of 0.5g/dL at30°C.

Measuements

IR spectrawererecordedon a JascdR-700infraredspectro-
meter Elementalanalysesvererunin a Perkin-ElmerModel

2400 C, H, N analyzerat the National Taiwan University
(Taipei). The inherentviscositieswere measuredat 0.5g/dL

with a Cannon-Fensk&iscometerthermostatedat 30°C. A

Sinku Riko DSC-M00 differential scanning calorimeter
equippedwith a Sinku Riko TA-7000 thermalanalyzerwas
usedto determinethe thermaltransitions.Heatingrate was
20°C/min. GlasstransitiontemperaturegT,s) were read at

the middle of the changein the heatcapacity Thermogravi-
metry (TG) wasanalyzedusinga DuPont951 thermogravi-
metric analyzer Experimentswere carried out on 9—11 mg

samplesheatedin flowing nitrogenor air (50 cm®min) at a

heating rate of 20°C/min. Wide-angle X-ray diffraction

measurmentswere performedat room temperaturg(about
25°C) on a SiemensKristalloflex D5000 X-ray diffract-

ometer using Ni-filtered CuK, radiation (40kV, 15mA).

The scanningrate was 2°/min over a rangeof 20 = 5-40°.

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 5cm/min were usedfor

this study Measurementsvere performedat room tempera-
ture with film specimeng6 cmlong, 0.5cmwide, andabout
0.1 mm thick). An averageof at leastfive individual deter

minationswasused.

Resultsand discussion

Polymersynthesis

Pdybenzoxazolesmight be syntheszed easily in a one
step procedire using poly(phasphoric acidy’, phospho-
ous pentoxde/mettanesulfonicacid”, or trimethylsilyl
phosphaté® asthe reacton medium.Isolation and ther
mal cyclodehydraion of soluble poly(o-hydroxyamide),
deiived from the polycordensationof diacid derivatives
and bis(o-aminophena)s in polar solvent, is an alterna-
tive methodfor the production of polyberzoxazolefilms
andfibers'®. Six poly(o-hydroxyamde)s6—11 were pre-
pared readly by the low-temperaturesolution polycon-
dersationof diacyl chloridesl or 2 with threestructuraly
different bis(o-aminoplenol)s 3, 4, and 5 in NMP solu-
tion in the presencef propyleneoxide asthe acidaccep
tor at—10°C ~ 0°C for 1 h and at room temperatue for
andher 10h. The low-temperatire polycondensatia
using propylene oxide asthe acid accepor wasgeneraly
more preferabé thanthat usingtriethylaminefor the pre-
pamtion of highermolecula weightaramid?®. Strudures
and codesof the monomersand poly(o-hydraxyamidés
areillustratedin Fig. 1 and2, respectively. The resultsof
the polymeizationsaresummaizedin Tab.1. Theinher-
ent viscaosities of the resultirg poly(o-hydroxyamide)s
stayin therangeof 0.66-1.55dL/g. It is worth mertion-
ing that the 6F-contaning bis(o-aminophenol) (5)-
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Fig.1. Structuresandcodesof monomers

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

[0}
I  H H
—tc 0-Ar-0 C_NH"_ polybenzoxaales
OH

HO Poly(o-hydroxyanide  Polykenzoxazol@

6 (Ar= O ) 7(Ar= ) Monomes Code Hinn ®) Code Bioh
O dL/g dL/g

1+3 6 1.35 12 0.88

2+3 7 1.55 13 0.55

OH 1+4 8 1.15 14 0.82

Q O H H 2+4 9 1.31 15 0.53
+C@O—Ar—O@C_N Q O N—],T 1+5 10 0.66 16 0.44
HO 2+5 11 0.71 17 0.32

¥  Polymerizationwas carriedout with 2 mmol of eachmono-
8 (Ar= O ) 9(Ar= ) merin 10 mL of NMP in the presenceof 0.6 mL of propyl-
O eneoxide at —10-0°C for 1 h and at room tempeature for

anothe 10h.
b Measuedataconcentratiorof 0.5g/dL in DMAc at30°C.
9 The conversionof the poly(o-hydroxyamide)to the poly-
benzoxazolewas carriedout by heatingat 300°C for 8 h in

i D n CF, H vacua
+°©’°‘A’“°@C_N ¢ Nt~ 9 Measuedataconcentratiorof 0.5g/dL in concentatedsul-
@é;@[ furic acidat30°C.
HO OH
derived poly(o-hydraxyamide)s 10 and 11 are attained
10 (Ar= O ) 11(Ar= ) with high molecula weights,as evidencedby the inher-
ent viscosty value around0.7 dL/g. It seemsto be that
O silylation of bis(o-aminopheno) (5) reported by Mar-
uyamaet al.” is not a necessar stepto attainhigh-mohar
Fig.2. Strucuresandcodesof poly(o-hydroxyamide)s mass poly(o-hydroxyamde)s in the low-temperature
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Fig.3. Strucuresandcodesof polybenzoxaales

solution polycondensabn reaction All these poly(o-
hydroxyamie)s are readily soluble in amide-type sol-
ventsincluding NMP and DMAc and coud afford free-
standingfilms by meansof solution castirg. The films
obtainedare all flexible and tough. Polymes 6-9 are
brownish,while polymers10 and 11 are light yellow in
color.

The formation of poly(o-hydroxyamides) was con
firmed by mears of IR spectoscopyandelementakanaly

sis The polymersexhibit broad absorpion bandsin the
regon of 2500-3500 cnt? (O—H and N—H str.) and
1650cnt?* (amideC=0 str.).

In the secondstage the poly(o-hydroxyanide)s thus
obtained were subjeted to thermal cyclodehydraion.
The conversionto polybenoxazoles(Fig. 3) wascarried
outin the form of films at 300°C in vacuwo for about8 h,
andthe corversionprocesscould be observedhe charge
in the IR spectraof the films. Fig.4 shows typical IR
specta of the represetative pair of poly(o-hydroxy-
amide) 7 andits corespondingpolybereoxazolel3. The
conplete disagpearanceof the absorpion bandsaraund
2500-3500 and 1650 cnr? indicate the conpletion of
the cyclization processtogeher with the appearane of
anabsorpion at 1602cnT?! chamcteridic of the benzoxa
zole ring, which is almost overlagped with one of the
absaption bandsof aramatic C=C str. The elenental
analsis values of the transformedpolymers agree well
with the valuescalcuatedfor the polymerswith benzoxa
zole structures. Thereis suflicient difference in oxygen
content between the poly(o-hydroxyamde) and the
resuting polybenzoxaole. This convesion could alsobe
moniteredby the thernogravimetry (TG) anddifferental
scanning calorimety (DSC) analysis that will be dis-
cussedlater on. The polybenzoxaoles thus obtained,
excep for 16 and 17, areinsolube in maost organic sol-
verts, while theyaresolwble in cold concentatedsulfuric
acid The polybenzoxazols derived from these diacyl
chlorides hawe inherentviscaosities of 0.32-0.88dL/g in
corcentratedsulfuric acid.

Propertiesof polymers

The solubility of all the polymerswas evaluded qualita-
tively andthe resuts are presatedin Tab.2. All of the
poly(o-hydroxyamnide)sare easily solublein polar aprotic
solventssuchasNMP, DMAc, DMSO, andDMF atroom

Tab.2. Solubility behaviorof poly(o-hydroxyamide)sandpolybenzoxaales’

Solven? Poly(o-hydroxyamide) Polybenzorzole

6 7 8 9 10 n 12 13 14 15 16 17
conc.H,SO, + + + + + + + + + + + +
NMP + + + + + + - +h +h
DMAc + + + + + + - - - - - -
DMF + + + + + + - - - - - -
DMSO + + + + + + - - - - - -
m-Cresol - - - - + +h - - - - - -
THF - - - - + + - - - - - -
Acetone - - - - + + - - - - — -
Ethanol - - - - - - - - - - - -
Chloroform - - - - — - - - - - - -

@  Soluklity: +, solubleatroomtemperaturesh, solubleon heating;—, insolubleevenon heatirg.
®  NMP: N-methyl2-pyrrolidone DMAc: N,N-dimethyla@tamide;DMF: N,N-dimethylformamide; DMSO: dimethyl sulfoxide;

THF: tetrahydrofiran.
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tempenture. Nevertheless,they still exhibit excelent
resistanceo less polar solvents suchas m-creso|] THF,
chlorofarm, acetor, and etharol. The poly(o-hydroxy-
amide} 10 and 11 derived from 6F-bis-aminoplenol) 5
reved an enhancedsolubility. In additionto highly polar
solvents,they are also soluble in cold or hot m-creso|
THF, and acetame. This may be due to the exisence of
the bulky flexible hexafluoroispropylidene grougs to
preventclosechainpacking, andallow solventmolecuks
to diffuseinto the polymer chairs.

The polyberzoxazolespn the otherhand,dissolveonly
in cold sulfuric acid. Despte thefact thatall the polyben-

1500

1000 500(cm™)
Wavenumber

IR spectraof poly(o-hydroxyamide)7 andpolybenoxazolesl3

zoxazolesare amorphous, they are quite insolubk in
organi solvents,with the excegion of polymers 16 and
17, which containthe bulky 6F groupin the bis(o-amino-
phenol)maietiesalongthe macromdecularbackbore.
The absenceof crystallinity of the prepaed poly(o-

hydroxyamde) and polybenzoxaole films were con-
firmed by wide-angle X-ray diffraction studies. The
amorphosg natue of thesepolymeas may be dueto the
presenceof flexible naphttalenedioy etherlinkagesin
the polymer backoones. All of the polyberzoxazoles
show higher chan packing than the correspnding
poly(o-hydroxyanide)sdueto therigid andplanar natue
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Tab.3. Tensilepropetiesandthermalbehaviordataof poly(o-hydroxyamide)sandpolybenzoxaales

Poly(o-hydroxyanide)

Polybenzoxazole

Tensilepropeties of DSC? DSC TG
polymerfilms
Code strength- elongdion-  T?/°C T91°C Td/°C Code To/°C TP/°C  charyield?
to-break to-break in %
in MPa 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 21 265 340 14 273 625(575) 72.5
9 91 8 209 258 357 15 275 635(580) 74.6
10 75 11 21 255 348 16 277 570(550) 61.7
11 79 9 213 254 361 17 279 570(555) 62.8

@  Tempergureatthe middle point of baselineshift onthefirst DSC heatirg trace,with a heatirg rateof 20°C/minin nitrogen.

b Extrapolatedonsettemperaturef the endothemic peak.
9 Endohermicpeaktempeature.
9 Extraplatedfinal tempeatureof the endothemic peak.

®  Midpoint tempeatureof baselineshift on the seconddSC heatirg traceof the sampe afterrapid cooling from 450°C in nitrogen.
D 10%wt.-losstemperaturat a heatingrateof 20°C/minin nitrogen.Valuesin parenthesewereobservedn air.

9 Residwal wt.-% whenheatedo 800°C in nitrogen.
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Fig.5. (a) TG curvesfor (A) poly(o-hydroxyamide) 7 and (B)
polybenzoxaale 13 at a heatingrate of 20°C/min; (b) DSC
curvesfor (A) poly(o-hydroxyamide)? and(B) polybenzoxaale
13 ataheatirg rateof 20°C/minin nitrogen

of berzoxazolemoieties. Their poor solubility is reflec-
tive of close chain packng. All the poly(o-hydraxy-
amide)scanbe solutiontcastinto flexible andtoughfilms.
Thesefilms were subjectedto tensle testirg, and the
resuts are given in Tab.3. The tensle strengthsand the
elongationsat breakarein the rangeof 75-92 MPa and
8-11%, respetively. All the thermally convered poly-
berzoxazolefilms arealsoflexible andtough,indicating
that no thermal degradabn leadingto molecular chan
sdssion occured during the convesion process How-
ever, most of the film s shrink during the cyclization pro-
ces; therebre,their mechanichproperties werenotevat
uated. Good-qudity and smooth polyberzoxazolefilms
may be obtainedunder propertensbn andslowe heating
speed

The thermal behavior of the poly(o-hydroxyanide)s
and polybenzoxazols wasinvestigatecby DSCand TG.
All the poly(o-hydroxyanide)s exhibit strong endothe-
mic peaksbetween209-361°C in the first DSC scan,
with peak temperatues around 254-271°C, which are
attributed to loss of water during the converson of the
poly(o-hydroxy amide)to polyberzoxazole.Fig. 5a and
5b showatypical pair of TG andDSC curvesfor poly(o-
hydroxyamice) 7 and polybenzoxanle 13. The TG trace
of poly(o-hydroxyamide) 7 reveals an onsetof weight
lossaround200°C that comesto an endat about300°C.
Theweightlossis dueto the thermalcyclodetydrationof
the poly(o-hydroxyamide), which also agres well with
the strongendotlermic peakbetween213-347°C. Pdy-
berzoxazolel3 startsto loseweightat around500°C and
leaves 75.0% residual char when heatedto 800°C in
nitrogen.After rapid cooling from 450°C in thefirst DSC
heatng trace, the polyberzoxazole (13) formed in situ
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showsa distinctglasstransition around271°C onthesub-
sequehDSCheatngtrace. Theincreasedr, of polyberz-
oxazole13 when comparedto its poly(o-hydroxyanide)
precursor? may be a reflection of an enhancedchain
rigidity dueto the formation of the berzoxazolering. All

the poly(o-hydroxyamide)sandpolybenzoxazolesexhibit
a similar DSC and TG behavior, andtheir thermal beha-
vior dataaresummaizedin Tab.3. All the polyberzoxa-
zolesdo not lose weight up to 500°C in air or nitrogen,
and the tempentures at which 10% weight loss are
recordel arein the 570-635°C rangein nitrogen.All of
them exhibit charyields in excessof 61.7%at 800°C in

nitrogen. Their glass transiton temperaures (T,S) are
recordel between 266-279°C. The large window
between T, and the decampositon tempeature make
these polybereoxazolesattractive for practical proces-
sing.

Conclusions

Six poly(o-hydroxyamide)swith high molar massesave
beenpreparedfrom 4,4'-bis(1,4-raphthaleedioxy)dben-
zoyl chloride (1) and 4,4-bis(2,6naphthaleedioxy)d-

benzoyl chloride (2) with bis(o-aminopheno)s by the
low-temperature solution polycordensaibn. All the
poly(o-hydroxyamide)sare easly solublein a variety of

organic solventsand can be castinto flexible and tough
films from their polymer solutiors. They can be trans-
formed to the corresponihg polyberzoxazolesat ele-
vated temperatues and reveal a dramaticaly deceased
solubility but higher T,s when comparedto their corre-
spondig poly(o-hydroxyamide) prepolyners. All the
polyberzoxazolesshowexcelent thermal stabiity. Thus,
the preparedpolyberzoxazolesare promising candidate
for newhigh performancepolymeric mateials.
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