APPLIED ORGANOMETALLIC CHEMISTRY
Appl. Organometal. Cheni4, 119-126 (2000)

Preparation of Polyzirconoxane from
Zirconium Oxychloride Octahydrate and
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The preparation of polyzirconoxanes (EG-PZO)
was investigated by a one-pot reaction of
zirconium oxychloride octahydrate with ethy-
lene glycol. Triethylamine was added dropwise
into a mixture of zirconium oxychloride octahy-
drate, ethylene glycol and methanol to give EG-
PZO with a good spinnability and stability to
self-condensation. The'H NMR spectrum, IR
spectrum, analytical data and expanded X-ray
absorption fine-structure analysis indicated that
EG-PZO consisted of Z1 < (OH), > Zr linkages
as a main chain with pendant 2-hydroxyethoxy
groups, chloro groups and water. The 3¥O3z—
97ZrO, ceramic fibers were prepared by sinter-
ing the precursor fibers after the addition of
Y(acac) (acac = acetoacetate) to EG-PZO. Copy-
right © 2000 John Wiley & Sons, Ltd.
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INTRODUCTION

stabilized zirconia can be used both as an insulating
material and for composite materials because of its
high strength and toughne%3.Zirconia ceramics

or yttria-stabilized zirconia monoliths are often
prepared by sintering zirconia powders. The
production of zirconia fibers, thin films and coating
films is best done using precursor methods. Here
zirconia ceramics are obtained by sintering poly-
zirconoxanes that have been formed into desirable
shape$~ In the preparation of zirconia ceramics
by the precursor method, high ceramic yields and
stability to gelation are essential, since modification
by organic compounds not only increases the
stability of precursor polymers and their ease in
handling but also depresses the ceramic yield and
the density of zirconia ceramics on sintering.

We have reported two routes to the synthesis of
polyzirconoxanes which are stable to self-conden-
sation, to prepare zirconia fibers (1) the acid-
catalyzed hydrolytic polycondensation of zirco-
nium chelate$;” (2) the reaction of zirconium
oxychloride with ethyl acetoacetate in the presence
of triethylamine by a convenient one-pot synth-
esis®® The first route provides a stable polyzirco-
noxane with excellent ease of handling, which
remains fluid for over one year, by a three-step
reaction from zirconium tetrachloride via zirco-
nium tetraisopropoxide and zirconium chelate. The
second process gives an excellent processable form

Zirconia (ZrQ) is well known to be an excellent of polyzirconoxane via a one-pot reaction of
ceramic material with a high melting point, good zirconium oxychloride octahydrate with ethyl
mechanical properties at high temperatures andcetoacetate in the presence of triethylamine. In

resistance to acid and alkafi®In particular, yttria-
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this work, we studied the preparation of polyzirco-
noxane (PZO) by a one-pot reaction of a novel
zirconium oxychloride octahydrate (ZOC) with
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carbon atoms per polymer unit than that of ethyl
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acetoacetateand the fabricationof zirconiafibers
partially stabilizedwith yttria accordingo Eqns[1]
and[2].

EXPERIMENTAL

One-pot synthesis of
polyzirconoxane (No. 5) [EG-PZ0
(No. 5)1

Triethylamine (9.39g) was addeddropwiseto a

mixture of zirconium oxychloride octahydrate
(ZOC, 24.67g) and ethyleneglycol (EG, 9.559)

in methanol(300ml) below5 °C. After stirring for

2h at room temperaturelm HCI (15.4ml) was
addeddropwiseto the reactionmixture, and then

stirring wascontinuedfor 3 h atroomtemperature.
The solventswereremovedunderreducedoressure
to givewhite solids,andthenchloroformwasadded
to dissolve the triethylamine hydrochloride salt

followed by filtration to isolateEG-PZOasa white

powder.

Preparation of 3Y,03;-972r0O,, fibers

EG-PZO (No. 5) powder and trisacetylacetona-
toyttrium [Y (acac)] weredissolvedin methanolin
the ratio Y,04/ZrO, =3:97. Evaporation of the
solvent gave a highly viscousand homogeneous
yttrium-containing EG-PZO solution, which, at
concentrationof 63.3 and 64.5wt%, was poured
into a spmnlng nozzle and pressurized to
8.0kgf cm™ 2 by nitrogengasto extrude 3Zr,O5—
972r02 precursorfiber from a pinhole (0.15mm
i.d.).° The 3Zr,0;-972rQ, precursorfiber thus
formed was wound on to a spinning drum at
30mmin~*.

3Y,03-97ZrG; fibers were obtainedby drying
theprecursombersatSO °Cfor 2 h, heatingin air at
2°Cmin~? to the deswedtemperatureand pyro-
lyzing at the desiredtemperaturdor 1 h.

Copyright© 2000JohnWiley & Sons,Ltd.

Instruments and analysis

'H NMR spectrawere measuredusmg a JEOL
PMX60SI spectrometein [*H]methanol.

The cross- polarlzatlon/maglc angle spinning
(CP/MAS) solid-state **C NMR spectrum was
recordedusinga JEOL JNM-EX400spectrometer.

Infrared (IR) spectra were recorded with a
Hitachi 260-501R spectrophotonter by the KBr
disk method.

X-ray diffractogramswere obtainedby using a
RigakuDenki model CN-2013instrument.

The zirconium contentof EG-PZO was deter-
mined as follows. An EG-PZO/methanotolution
(10ml, 1.14x 10 ?mol~?) was boiled at 100°C
for 5min with 61% nitric acid (11.23ml) and
deionized water (38.77ml). The solution was
titratedusingagqueousethylenediamingetra-acetic
acid (EDTA) in the presencef XO indicator.

Thechlorinecontentof EG-PZOwasdetermined
by theVorhardmethod A 0.1g sampleof EG-PZO
was weighed and then addedto 10ml of 0.1m
AgNO; ag. solution. The solutionwastitratedwith
aqueousNH4SCN (0.025Mm) in the presenceof
Halotrichiteindicatorandnitrobenzeng6 ml).

Zr K-edge EXAFS measurementsvere con-
ductedin situ in transmissionmode at BL-10B
Photon Factory (Proposal no. 94G214) at the
National Laboratory for High-Energy Physics
(KEK-PF) with an Si(311) channel-cutmonochro-
mater. The spectra were measured at room
temperature A solid samplewas measuredas a
pressedpellet with polyethylene glycol, and a
liquid samplewasmeasuredn a vesselmadefrom
polyethylene Equation[3] wasusedfor the curve-
fitting analysisof EXAFS data, where k is the
photoelectronwave number, fi(k,z) is the back-
scattering amplitude function, and d;(k) is the
phase-shiffunction.

xi(K) = Ni[fi(k, 7)| exp(—20°k?) sin(2kR,
+61(K)) /KR 3
For fi(k,mr) and d;(k) either the theoretical or

Appl. OrganometalChem.14, 119-126(2000)
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empirical form was chosen, dependingon the
system. The model compound for Zr—O and
Zr—Zr wasZOC, whosestructurewasdetermined

by X-ray analysis® (Fig. 1). Theoreticaparameters

determinedby McKale et al. were usedfor the

analysisof the first shell** Theseparametersare
not recommendedby the International XAFS

Committee. However, we will discussonly the

changein structure,andnot the absolutestructure.
Moreover, we carefully checkedthe validity of

theseparametersisingthe referencecompoundsn

Table 1. Comparingthe resultsof the curve-fitting
for ZOC dissolvedin H,O with the crystalline
materials in Table 1, we conclude that good
agreementvasachievedwith the empiricalampli-

tude and phasefunctions exhibited by crystalline
ZOC. In H,O solution, the structure of ZOC

consistsof a cyclic tetramericunits derived from

crystallineZOC, asreportecby DeviaandSykes*?

Summarizinghe EXAFS resultsof ZOC dissolved
in H,O, we conclude that the use of these
parameterdn the simulationof the EXAFS spectra
is reasonableThe errorswere estimatedaccording
to the Reporton Standardsand Criteria in XAFS
Spectroscopy®

RESULTS AND DISCUSSION

Synthesis and properties of EG-PZ0

EG-PZO was purified and isolated by extracting
triethylaminehydrochloridewith chloroformfrom
the reactionmixture. After filtration of the chloro-
form solution, the residuewasrinsedwith chloro-

Figure 1 Crystalstructureof ZOC .

form and dried to give EG-PZO in almost
guantitativeyield. However,the propertiesof EG-

PZOvaried,basednthereactionconditionsshown
in Table 2. A white gel formed in Run 1 when
triethylaminewasusedin a molar EtzN/ZOC ratio

of 2.0:1. The solubility of EG-PZO increased
slightly with a decreasen triethylaminefrom 1.4

to 1.2:1.In Runs4 and5, aslightly yellow powder,
solublein methanolformed.Themethanokolution
of EG-PZOallowedfibersof 50—1cmto be drawn
for Runs 4 and 5, respectively. The elemental
analysisof thesesamplegevealedhatthe chlorine
was removed quantitatively by adding triethyl-

amine.

Triethylaminepromotesthe reactionby remov-
ing its hydrogen chloride salt. The elemental
analysisof EG-PZO (No. 3) indicatesthe quanti-
tative removalof hydrogenchloride. A stableand

Table 1 Curve-fittinganalyticaldatain the EXAFS analysisof ZOC andEG-PZO(No. 5)?

Sample Shell r (A) N g (A)
ZoCP o) 2.24 8.0 0.06
zr 3.57+0.01° 2.0 0.06
ZOCin H,0 o) 2.25+0.01 8.240.7 0.0524 0.008
zr 3.60+ 0.01 2.24+0.3 0.0724+ 0.004
EG-PZO(No. 5) o) 2.24+0.02 7.44+1.0 0.0414+0.021
cl 3.31+0.04 1.0+ 0.4 0.070+ 0.026
zr 3.574+0.02 1.4+1.0 0.077+0.014
EG-PZO(No. 5) in MeOH o) 2.25+ 0.02 79415 0.059+ 0.021
cl 3.284+ 0.04 0.6+1.2 0.049+ 0.058
zr 3.56+0.02 2.14+0.8 0.091+ 0.012

&r = distanceN = coordinationnumbers = Debye—-Wallerfactor.
P Ref. 10.
¢ Determinedon the basesof the theoreticalparametersn Ref. 11.

Copyright© 2000JohnWiley & Sons,Ltd. Appl. OrganometalChem.14, 119-126(2000)
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Table 2 Preparatiorconditions,propertiesyield andanalysisof EG-PZCG'

i 1s(9
Molar ratio Spinnability vield Elementalanalysis(%)
No EtzN/ZOC  HClizOC® (cm) (9) zr Cl Cl/zr®
1¢ 2.0 — — — — — —
2 1.4 — — — — — —
3 1.2 — — 17.9 38.8 12.2 0.81
4° 1.0 — 50 17.7 38.1 14.3 0.96
5° 1.2 0.2 >100 18.1 38.1 14.3 0.97

& Reactionconditions:at roomtemperaturdor 2 h. ZOC in operationwas24.67g (0.077mol). Solvent:methanol(300ml).

b HCI ag.wasaddedafter thefiltration of Et;NHCI.
¢ Molar ratio.

4 EG-PZO(Nos 1, 2 and3) wereinsolublein commonorganicsolvents.
¢ EG-PZO(Nos 4 and5) weresolublein methanolandinsolublein othercommonorganicsolvents.

solubleEG-PZO(Nos 4 and5) wasobtainedwhen
themolarratio of Cl/Zr wasalmostl:1, regardless
of the proceduresThe additionof triethylaminein
themolarratio EG/EgN = 1:1 andespeciallyl:1.2
followed by the addition of hydrogenchloride in
the molar ratio ZOC/HCI=1:0.2. Livage et al,

0

IFT]|
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Figure 2 Fourier transformsof k>-weightedEXAFS spectra
of (a) ZOC dissolvedin MeOH; (b) EG-PZO(No. 5) dissolved
in MeOH; (c) EG-PZO(No. 5) powder.

Copyright© 2000JohnWiley & Sons,Ltd.

reportedthat the reaction of zirconium tetraiso-
propoxidewith ethyleneglycol* led to network
formation,in whichtwo zirconiumatomscombined
with one ethylene glycol molecule. Network
formation, however,would be obstructedby the
chlorideanionfor EG-PZO(Runs4 and5).

The IR spectrumof EG-PZO (No. 5) exhibits
absorptionpeaksat 3400 (vop), 2940 (vey), 1350
(VCHZ)- 1450(VCH2) 1080(Vco) and450cm™ (VZI'O)-
The *H NMR ‘spectrum of EG-PZO (No. 5)
indicates methylene (—CH,—), hydroxy and
methoxy groups at 4.10, 4.91 and 3.32ppm,
respectively. The CP/MAS solid-state**C NMR
spectrumshoweda broadsignalaround67.0ppm,
which is ascribedto the methylene (—CH>—)
group. The coordination of ethylene glycol was
estimatedrom the chemicalshift of the methylene
group: The signals appear around 31.2 and
70.6ppm when the ethylene glycol acts as an
intramolecularchelatingagentandanintermolecu-
lar bridging agent, respectively** The ethylene
glycolin EG-PZO(Runb) is suggestedo actasan
intermolecularbridging agent.

The EXAFS spectraof ZOC and EG-PZO(No.
5) wererecordedandinterpretedn thesameway as
thedatafor ZOC dissolvedn H,O. Figure2 shows
the EXAFS functionsk®y (k) andthe corresponding
Fourier-transformedunctions. The Fourier-trans-
formedfunctionsof ZOC andEG-PZO(No. 5) are
very similar exceptfor the appearancef a Zr—Cl
shell in EG-PZO (No. 5). This spectral change
suggestdhe conformationalchangeof chlorine by
the additionof triethylamine.

The theoreticalsimulation of the EXAFS spec-
trumwasstartedusingtheparametevaluesof ZOC
for the Zr—O and Zr—Zr shellsand the theoretical
parameterfor the Zr—Cl shell. The curve-fitting

Appl. OrganometalChem.14, 119-126(2000)
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Figure 3 Least-squarescurve fits (dotted lines) and the
Fourier-fitted k®>-weighted EXAFS spectra (solid lines) for
EG-PZO(No. 5) powder.

results are shown in Fig. 3 together with the
distance and coordination numbers obtained as
shownin Table 1. The bondlength and coordina-
tion numberof Zr-O for EG-PZO(No. 5) werein

goodagreementvith thoseof ZOC,whichindicates

Copyright© 2000JohnWiley & Sons,Ltd.

thatthe stateof Zr—O shellsin EG-PZO(No. 5) was
very similar to that of ZOC. In Zr—Zr shells,the
bondlengthof EG-PZO(No. 5) agreeswith thatof
ZOC, with some variation in the coordination
numbers: 2.8+ 1.0 for ZOC in methanol and
2.1+ 0.8 for EG-PZO(No. 5) in methanol.These
resultsindicate that the ZOC forms a clusterin
methanobasednthetetramericunits,andthe EG-
PZO (No. 5) is a trimer or tetramer.On the other
hand, the Zy—Cl bond length for EG-PZO was
3.284+ 0.04A, whichis greaterthanthe sumof the
ionic radii of Zr andCl, 2.52A. The chlorineatom
may be ionically bondedto zirconium.

Since EG-PZO (No. 5) is only soluble in
methanol,its molecularweight was not analyzed.
Theanalyticalandcalculatedvaluessummarizedn
Table 3 arein good agreemeniwith thoseof the
estimated structures. In addition, the OH/CH,
protonratio in the NMR spectrumis estimatedto
be 1.25:1, correspondingto five or six hydroxy
protonsto one 2-hydroxyethoxygroup.

A plausible EG-PZO unit structure(No. 5) is
shownin Fig. 4. A zirconium atomis attachedto
four hydroxy groups,one 2-hydroxyethoxygroup,
one waterand one chlorine atom. The hydroxy in
the 2-hydroxyethoxygroup coordinatego another
neighboringzirconiumatomby hydrogenbonding,
whichis shownby bold anditalic charactersn Fig.
4. The structureof EG-PZOis consideredto be
fundamentallybasednthestructureof ZOCwith a
slightmodulationsuchasreplacemenof waterand
achlorineatomwith a 2-hydroxyethoxygroup.The
coordinationnumbersof oxygen, zirconium and
chlorine atomsfor a zirconium atom, the proton
ratio of OH/CH, andtheelementahnalysisshowed
fairly goodagreemenbetweerthe observedsalues
and the calculatedvaluesbasedon the structure
shownin Fig. 4.

Preparation of 3Y,03-972r0, fibers

Y-EG-PZO (No. 5) was preparedas a viscous
methanolic solution of EG-PZO (No. 5) with
trisacetylacetonatoyttriumin the molar ratio of
Y,05/ZrO=3:97. Y-EG-PZO (No. 5) provided
precursoifibersby mechanicaldry spinningof the
solution. On pyrolysis, the white precursorfibers
becameblack (400°C), gray (600°C) and then
white (800°C). Figure5 (a) showsan SEM image
of the precursorfiber with an ellipsoidal cross-
sectionand a diameterof 50—70um. On the other
hand, as shownin Fig. 5 (b), after pyrolysis at
1000°C the fiber shrunkwith many cracks,which
result from degradationof organic groupsin the

Appl. OrganometalChem.14, 119-126(2000)
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Table 3 Analytical andcalculateddatafor EG-PZO

Analysisfor EG-PZO(No. 6)

Calculatedfor the structurein Fig. 4

Averageof the neighboringatoms:O 7.4+1.0
Cl 1.0+04
Zr 1.4+1.0
'H NMR protonratio of OH/CH, 1.35
Elementalanalysis(%): Zr 38.1
Cl 14.3
Molar ratio of Cl/Zr 0.97

precursoffibers.The 3Y,05:—97Zr0O, ceramicfibers
were brittle and they broke into pieces after
pyrolysisat 1000°C.

The IR spectraof 3Y,0:-97ZrQ, fibers on
heating(Fig. 6) indicatedthe decreasén organic
groupsup to 300°C and the decreasén hydroxy
groupsup to 800°C. The absorptionpeak due to
Zr—Cl linkage was not observedclearly in all IR
spectra. The IR spectral change indicates the
oxidative degradatiorof the organicgroupsup to
300°C. The X-ray diffractograms(Fig. 7) showed
thediffraction patternascribedo thecrystallization
of zirconiaat >400°C, which supportsthe forma-
tion of tetragonakirconia.Theincreasef thepeak
intensity with a narrow peak width supportsthe
increasdn crystallite sizeof tetragonakirconiaon
pyrolysis.Moreover theabsencef monoclinicand
cubic zirconia strongly supportsthe formation of
zirconiafiberspartially stabilizedwith yttria.

Theseobservationsndspectrabehaviorsupport
the transformation of Y-EG-PZO (No. 5) to
zirconia fibers: when precursorfibers made from
Y-EG-PZO (No. 5) were pyrolyzed, the organic
groups and chlorine were eliminated to provide
zirconiafibers.

n

Figure 4 A possiblestrudure of EG-PZO.

Copyright© 2000JohnWiley & Sons,Ltd.

Zirconia fibers partially stabilized with yttria
werereportedin our previouspapersjn which we
describedhow the precursorfibers were steam-
hydrolyzedto eliminate organic moietiesto form
porousfibers.The porousfiberswerethensintered
to afford ceramicfibers, which crystallizedin the
tetragonaphasewith atensilestrengthof 1. 5GPa’
On the other hand, the zirconia fibers partially
stabilized with yttria preparedfrom Y-EG-PZO

Figure 5 SEMimageof the 3Y,0;-97ZrG; fibers(a) before
and(b) after pyrolysisat 1000°C for 1 h.

Appl. OrganometalChem.14, 119-126(2000)
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Figure 6 IR spectraof 3Y,0s—97Zr0, fibers pyrolyzed at

varioustemperature¢KBr disk methal).

(No. 5) were brittle, with many cracks.Since Y-
EG-PZO (No. 5) was found to be solublein hot
water,we couldnot stem-treaprecursoffibers.The
remaining organic moieties and chlorine may
produce a large strain upon elimination, which
resultsin the formation of brittle ceramic fibers
with manycracks.

CONCLUSIONS

Polyzirconoxan€EG-PZO)with goodspinnability
and stability againstgelationwas preparedby the
one-potreactionof zirconium oxychlorideoctahy-
drate with ethylene glycol in the presenceof
triethylamine EG-PZOwasstableto gelationwhen
the zirconium/chlorinemolar ratio of was1:1. The
elementalanalysis,NMR, IR and EXAFS spectra
showedhatEG-PZOconsistedf Zr < (OH), > Zr
linkages with pendant 2-hydroxyethoxy groups,
chlorogroupsandwater.

The dry-spinning of Y(acacy added EG-PZO

Copyright© 2000JohnWiley & Sons,Ltd.
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Figure 7 XRD patternsof zirconia partially stabilizedwith
yttria, preparedby sintering 3Y,05-97ZrG; fibers at various
temperature$T, tetragonal Feg,).

providedprecursor3Y,0s—ZrO, fibers. The pyro-
lysis of the precursoffibersprovided3Y,0:—ZrO,
ceramicfiberswith the eliminationof chlorineand
combustionof carbon.
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