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A single calcium glycolate was synthesized. The 1 INTRODUCTION

alkoxide was stable under ambient atmosphere.

The calcium glycolate, phosphoric acid and The primary step in sol-gel processing is to make
P(OH),(OEt);_, were used as the precursors. an initial solution or sol which is thus capable of
Acetic acid was used as a reagent to modify the providing a homogeneous proddct.The product
calcium glycolate and to change the acidity ofthe has a great potential to form a finally required
mixtures of the precursors. Mixtures of the material at a low temperature in the form of bulk
calcium glycolate and phosphoric acid in a Ca/P  material, film, fiber or powde?.The hydrolysis of

ratio of 1.67 showed unusual sol-gel behavior. A precursors and the condensation of the hydrolyzed
transparent gel could be formed depending on species make the main contributions to the sol-gel
the content of acetic acid and the extent of transition® Only appropriate precursors and sol-
stirring. The behavior is attributed to a high  vents can produce the transition. Alkoxides and
viscosity and a large molecular size of the alcohols are usually used as good precursors and
ethylene glycol solvent, leading to a strong solvents respectively because the hydrolysis of
dependence of the reactions in the mixtures on alkoxides is easily controlled by adding a required
the diffusion process, greatly affected by sti- amount of water and the by-products of the
ring. When the mixtures of the calcium glycolate  hydrolysis are alcoho¥However, some alkoxides
and PO(OH),(OEt);_, contained acetic acid at have low solubilities in alcohols or high rates of
an acetic acid/Ca ratio of 3, stable alkoxide hydrolysis and condensation; these lead to the
solutions with Ca/P ratios of 1.0, 1.5 and 1.67 difficulties in obtaining a homogeneous or trans-
could be formed. Different calcium phosphate parent gel in a multicomponent system. Chemical
compounds and hydroxyapatite coatings on modifications to these alkoxides are usually em-
alumina substrates could easily be formed from ployed to solve these problems. The alkoxyl groups
the alkoxide solutions. The chemical homogene- in the alkoxides are exchanged by bigger alkoxyl
ity provided by the alkoxide route leads to easy groups or other more strongly combined ligands
formation of the required products. Copyright  such as acetate, acetylacetonate and anflinder

© 1999 John Wiley & Sons, Ltd. modification, the alkoxides are able to form a
transparent gel in a single-component system such
as_copper ethoxid® and in a multicomponent
system’. Many alkoxide-derived materials related

to silicate, titanate and aluminate systems are
successfully prepared because the sol-gel processes
of these alkoxides have been thoroughly studikd.

is well known that calcium phosphates are also
important materials and they are widely used in
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obtainedby refluxinganalcoholicsolutionof P,Os,
couldgive acertainchemicalreactivityandit could
form a transparengel in a TiO—P,0s system:
Laine foundthat calciumglycolatespeciesxisted
in a bimetallic alkoxide—calciuntri(glycolato)sili-
cate,which servesas a good precursorto silicate
glassandceramicpowders!? Layroll foundthatthe
as-preparedmixture of calcium ethoxide and
phosphoric acid produced gelatinous calcium
phosphateprecipitates:®> Theseresults provide a
basisto gain aninsightinto the sol-gelprocessn
calcium phosphatesystems.

In order to understandthe sol—gel processin
calcium phosphatesystemsit is importantfor the
systemto form a transparentgel, becausesuch
formationimpliesthatthechemicalreactionsn the
systemarewell controlled.

The synthesif the differentcalciumphosphate
compounds by an alkoxide solution route is
interestingoecauseheroutecouldprovideasimple
way to obtain calcium phosphatesas compared
with many other wet methods:* In addition,
hydroxyapatite-coatedmplants have both good
bioactivity and mechanicalstrengtht> which is
significantin surgeryapplications.Moreover,the
sol-gel route has the possibility of giving an
alternative route by which to preparegood hy-
droxyapatitecoatingsin view of the fact that the
commonroute, i.e. the spraying method, brings
abouthydroxyapatitecoatingswith otherunneces-
sary phaseswhich may not be favorableto the
humanbody®

In this work, a single calcium alkoxide was
synthesizedby dissolving calcium metal in ethy-
lene glycol. A transparentalcium phosphategel,
variouscalcium phosphatecompoundsand hydro-
Xyapatite coatings were preparedvia alkoxides;
their formation processesare characterizedand
discussed.

2 EXPERIMENTAL PROCEDURE

2.1 Sample preparation

The calcium glycolate was synthesizedy dissol-
ving granular calcium (Merck, Lab) in ethylene
glycol (HOGOH) (PronaLab@ GR), which had
beendried by distilling before use. Reflux was
performeduntil the complete dissolution of the
granularcalcium.

The PO(OH)(OEt)_y solution was formed by
dissolving P,Os (Riedel-deHaen)in absolute
ethanol(Merck GR) andrefluxing for 24h.**

Copyright© 1999JohnWiley & Sons,Ltd.

Forthe synthesiof atransparengel, phosphoric
acid, HsPO, (BOH, Lab, 90%), was usedas the
phosphorugrecursorAcetic acid (HOAc) (Merck,
GR)wasaddedto 0.5m calciumglycolatesolution
in HOAc/Caratios of 2, 4 and 6 respectively;the
mixtureswerestirredfor 10min, then,HsPO, ata
Ca/Pratio of 1.67wasdroppedcontinuallyinto the
calciumglycolatesolutionswith or without HOAC.
During the addition of H3PQ,, the mixtureswere
stirred. After completionof the addition, the as-
preparednixturesweresealedy PVA films. Some
of the as-preparednixtureswerefurther stirredfor
8 h. After amixturegelledor precipitatedthegelor
precipitateswere dried at 150°C in an oven for
24h. The dried gel was calcinedat 500, 750 and
1000°C respectively,and the precipitateswere
calcinedat 500°C.

In the synthesisof different calcium phosphate
compoundsthe PO(OH)(OEt)_y solution (4 m)
was usedasthe phosphorugprecursorHOAc was
addedto the calciumglycolatesolutionsin HOAc/
Caratiosof 1, 2 and3, then,the PO(OH)(OEt);_
solution was added to the calcium glycolate
solutionsin Ca/Pratiosof 1.0,1.5and 1.67.The
mixtures with the HOAc/Ca ratio of 3 remained
stable for the three Ca/P ratios. These stable
solutions were poured onto a hot stainlesssteel
plate (ca 150°C) to evaporatethe solvent and
obtain gel-like powders. The resulting powders
were calcinedat 1000°C for 1 h.

In the preparatiorof hydroxyapatitecoatingson
alumina substrategHoechstCeram Tec AG), a
liquid film wasformedby a dipping methodusing
the stablemixed solution of the PO(OH)(OEt);_,
andthecalciumglycolateataCa/Pratioof 1.67and
anHOAc/Caratio of 3. The substratesveredipped
into the solution and withdrawn at a rate of
4cmmin~t. The dipped liquid film was dried at
150°C for at least15min andthe dried film was
heatedat 500°C for 10min for a run. In orderto
increasdhethicknessof the coatings, 10 runswere
performed.The coatingswith 10 runswere heated
at 750°C for 15min.

The conditionsof the main samplesn this work
arelistedin Table1.

2.2 Characterizations

2.2.1 3P nuclear magnetic resonance

31p |iquid-statenucleammagneticesonancéNMR)
spectravereexaminedn aFouriertransformNMR
spectrometer(Bruker, AMX 300) at 121.5MHz
with pulsewidths of 3.3us, recycledelaysof 1s
andtransientf 15K

Appl. OrganometalChem.13, 555-564(1999)
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Table 1 The conditionsof the samplesstudiedin this work®

Sample P precursor Ca/Pratio HOAC/Ca Remark

C1 1 Solution

Cc2 2 Solution

C3 3 Solution

Cc4 4 Solution

CP1 HsPO, 1.67 0 Solwhenas-prepared

CP1-1 H3PO, 1.67 0 Precipitatesobtainedby further stirring of sampleCP1for 8 h
CP1-2 HsPO, 1.67 0 Powdersobtainedby calciningsampleCP1-1at 500°C

CP2 HsPO, 1.67 2 Solwhenas-prepared

CP2-1 HsPO, 1.67 2 Precipitatesobtainedby further stirring of sampleCP2for 8 h
CP2-2 HsPO, 1.67 2 Powderobtainedby calciningsampleCP2-1at 500°C

CP3 HsPO, 1.67 4 Solwhenas-prepared

CP3-1 HsPO, 1.67 4 Precipitatesobtainedby further stirring of sampleCP3for 8 h
CP3-2 HsPO, 1.67 4 Powderobtainedby calciningsampleCP3-1at 500°C

CP4 HsPO, 1.67 6 Solwhenas-prepared

CP4-1 HsPO, 1.67 6 Precipitatesobtainedby further stirring of sampleCP4for 8 h
CP4-2 HsPOy 1.67 6 Clearsolutionafter no further stirring, andkeepingfor oneday
CP4-3 HsPO, 1.67 6 Transparengel after keepingsampleCP4-2for about20h
CP4-4 HsPO, 1.67 6 Cloudy gel after keepingsampleCP4-3for onemonth
CP4-5 HsPO, 1.67 6 Precipitatesafter keepingsampleCP4-4for onemonth
CP4-6 HsPOy 1.67 6 Powderobtainedby calciningsampleCP4-1at 500°C

CP5 PO(OH)(OEt);_x  1.00 0 Heavy precipitation

CP6 PO(OH)(OEt)s_x  1.00 1 Slight precipitation

CP7 PO(OH)(OEt);_x  1.00 2 Very slight precipitation

CP8 PO(OH)(OEt); »  1.00 3 Solution

CP9 PO(OH)(OEts_x 1.50 0 Heavyprecipitation

CP10 PO(OH)(OEt)s_x  1.50 1 Slight precipitation

CP11 PO(OH)(OEts_x 1.50 2 Very slight precipitation

CP12 PO(OH)(OEt)s_x  1.50 3 Solution

CP13 PO(OH)(OEts_x 1.67 0 Heavyprecipitation

CP14 PO(OH)(OEt)s_x  1.67 1 Slight precipitation

CP15 PO(OH)(OEts_x 1.67 2 Very slight precipitation

CP16 PO(OH)(OEt)s_x  1.67 3 Solution

2 The calciumprecursoiis calciumglycolate.

31p solid-stateNMR spectraveremeasuredn a
FouriertransformNMR spectromete{BrukerMSL
400P)at 161.978MHz with magic-anglespinning
andrecycledelaysof 60s, andthe chemicalshifts
arequotedin ppmfrom HsPO, (aq. 85wt%).

2.2.2 Infrared spectroscopy

Infrared (IR) spectraof the Ca glycolate solutions
with differentamountsof HOAc weremeasuredn
a Fouriertransforminfraredspectromete(Mattson
Glaxy 7020) with resolution of 4cm™ . A dis-
mountabldiquid cell with KBr windowswasused.

2.2.3 X-ray diffraction
X-ray diffraction (XRD) patternswererecordedn

Copyright © 1999JohnWiley & Sons,Ltd.

an X-ray diffractometer(Rigaku, D/MAX-B) with
astepsizeof 0.05 andascanspeecf 2.00° min~*.

2.2.4 Testof adhesivestrength of the coatings

To testthe adhesivestrengthof the coatings,one
sidewith a hydroxyapatitd HAP) layerin a coated
samplewasremovedby polishingwith a grinding
paperandwascarefully cleanedwith acetoneTwo

metallic cylinders of 8 mm in diameter were
attached,one to the side with an HAP layer and
oneto the oppositesidewithoutanHAP layer,by a
superglue (PermateX Industrial), respectively.
After the glue had polymerized at ambient
temperatureor 24 h, the adhesivestrengthof the
HAP layer to the substratewas measuredby

applying a tensile stressto their interface in a

Appl. OrganometalChem.13, 555-564(1999)



558

W. WENG

Absorptance (a.u.)

...........................

1400 1200 1000 800 600 400
-1
Wavenumber (cm™)

1800 1600

Figure 1 IR spectraof the calcium glycolate solutionswith
different HOAc/Caratios: (a) sampleC1 (HOAc/Ca= 1); (b)
sampleC2 (HOAc/Ca=2); (c) sampleC3 (HOAc/Ca= 3); (d)
sampleC4 (HOAc/Ca=4).

machine (Shimadzu Universal Test Machine,
Autograph AG-25TA) with a crossheadspeedof
Immmin~t. At least three measurementsvere
done.

3 RESULTS AND DISCUSSION

3.1 Reactions between the
precursors

After the complete dissolution of the granular
calciumin the distilled ethyleneglycol alongwith
the completereleaseof bubblesoriginating from
the surfacesof the calcium metal particles, the
resulting 0.5m solution was stable at ambient
temperature.Since the bubbles appearedduring
thedissolutionof thecalciummetal,it is reasonably
consideredthat a calcium glycolate is formed
accordingto Eqgn [1] and the product could be
expressedsCa(OGOH)Y(HOGOH), becaus€a™

Copyright© 1999JohnWiley & Sons,Ltd.

PO(OH),(OE)
- PO(OH)(OEt),
=
=
z
‘7
=
2
=
[S=1
H,;PO,
j
U
4 3 2 1 0 -1 2
Chemical shift (ppm)

Figure 2 3P Liquid-state NMR spectrumof the ethanol
solutionof P,Os.

ionsneeda coordinatiornumberof 4 in solution?’
Ca+ HOGOH — Ca(OGOH),(HOGOH), + H |
1]

Its large alkoxy ligandscausecalciumglycolate
solutionto havea lower propertyto hydrolysisand
to be more stable at ambient temperaturethan
commoncalciumalkoxides.

WhenHOAc wasaddedto the calciumglycolate
solution,samplesC1 and2 showedhatthecalcium
glycolate specieswere modified, based on the
appearancef the v,{COO) bandat 1567cm* in
their IR spectra,becausethis bandis relatedto
acetatdigandscoordinatedvith Caspecie$® [Fig.
1 curves(a) and(b)]. Thereactionbetweercalcium
glycolateand HOAc can be written asEqgn [2]. If
the HOAc/Caratio wasmorethan?2, excessHOAc
appearedin the form of free HOAc molecules,
becausesamf)lesc3 and4 hadthe v,5 (COO) band

at 1710cm -~ as well as the v,5 (COO) band at
1567cm ! [Fig. 1(c) and(d)].*®
Ca(OGOH)(HOGOH), + HOAC
— Ca(OAC)(HOGOH), 2]

The®'Pliquid-stateNMR spectrun(Fig. 2) of the

Appl. OrganometalChem.13, 555-564(1999)
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Ca(OGOH)(HOGOHY), + HsPQ; — Ca(OGOH (HPQy)(HOGOH), 3]

Ca(OGOH (H2PQy)(HOGOH), 4 H3PO, — CaH2PQy),
CaH2PQy), - XHOGOH+ Ca(OGOH)(HOGOH), — mCa(PQy),

solutionof P,Os showsthatit containsthreekinds
of P species,mainly PO(OH)(OEt) speciesat
1.13ppm and PO(OH)(OE®) spemesat 0.02ppm,
andminor HzPO, speciesat 2.19ppm*

3.1.1 Reactionsbetweencalcium glycolate and
H3PO,

When Hi;PO, was added to the Ca glycolate
solutionswith different HOAc/Ca ratios, the as-
preparedmixtures,samplesCP1, 2, 3 and 4, had
fine precipitatesBy furtherstirring the mixturesfor
8 h, the particlesin the mixturesgrewsolargeasto
be sedimented;the precipitatesfrom the corre-
spondingmixturesare denotedas samplesCP1-1,
2-1, 3-1 and 4-1, respectively. If stirring was
stoppedust after the formation of the as-prepared
mixtures, samples CP1, 2 and 3 could stay
unchangedor alongtime, butsampleCP4became
a clear solution after keeping for one day. The
resultingsolution,sampleCP4-2,wastransformed
to atransparengel afterthe solutionhadbeenkept
for 20h. A cloudy gel was formed after the
transparengel (sampleCP4-3)agedfor onemonth,
and finally precipitates(sample CP4-5) appeared
after the cloudy gel (sampleCP4-4) had agedfor
onemonth.

In the mixtures, HsPO, hasan ability to react
with calciumspeciesandthepresencef H,O from
the HsP O, reagentn an H,O/HsPO, ratio of about
0.6 canenhancehe reactionsbetweenHzPO, and
calcium species? It is reasonablyconsideredhat
the Ca glycolate reactswith pure HsPO, droplets
during the addition of H3PQy; calcium phosphate
precipitatearethuseasilyformed,andcauseall the
as-prepared mixtures to contain many small
precipitatedparticles. Thesenitial precipitateswill
furtherreactwith therestof the mixtureto form the
equilibratedproducts.

. XHOGOH | 4]
- XHOGOH | +
nCaHPQ - xHOGOH | 5]

If it is supposedhat the reactionof the initial
precipitateswith the restin the mixturesproceeds
under stirring for 8h to attain an equilibrium,
HOAc shows an influence on the equilibrated
precipitate§sampledl-1,2-1,3-1and4-1) because
theXRD patterngFig. 3) indicatetheseprecipitates
with different CaO/ROs ratios. The ratios of the
maximumpeakintensityof S-tricalcium phosphate
(B-TCP)to B-CaP>07 (Imax(p-rcryImax(s-car,0,)
are2.24,0.83,0.23and0.00for sampleCP1- -2.2-

2, 3-2 and 4-6, respectively.The effectsof HOAc

on the reactionsbetweenthe precursorscould be

explained as follows. For the mixture without

HOAc, sample CP1, there are only the calcium
glycolate speciesremaining.The reactionprocess
could be suggestecs Eqns[3]-[5].

Equationd3] and[4] leadto theformationof the
initial precipitates,and Eqn [5] brings aboutthe
formationof the equilibratedprecipitatesSincethe
calcium glycolate speciesdemonstrates strong
basicity'* andpromoteghedissociatiorof HsPOy,
sampleCP1-1obtainedfrom Eqn [5] hasa large
value of m/n i.e. alarge CaO/ROs ratio.

WhenH3PQ, is addedto the calcium glycolate
solutionmodifiedby HOAc in a HOAc/Caratio of
2 (sampleCP2),thereactanin theremainderof the
mixture is mainly Ca(OACK(HOGOH), species.
The reactionscould be suggesteds Eqns[6]-[8].

Equationg6] and[7] areconsideredo form the
initial precipitatesdue to the easyreplacemenbf
acetatdigandsby phosphategroupsin an HzPOy-
rich systemand Eqn [8] leadsto the formation of
the equilibrated precipitates. Since the basicity
of Ca(OAc)Z(HOGOHL2 is less than that of
Ca(OGOHY(HOGOH), 2° sampleCP2-1obtained
from Eqn[8] will havea lower m/nratio.

WhenH3PQ, is addedto the calcium glycolate
solutionsmodifiedby HOAc in an HOAc/Caratio

Ca(OAC),(HOGOH), + HzPQ; — Ca(OAC)(HPOy) (HOGOH), 6]
Ca(OAC)(HPQy)(HOGOH), 4+ H3PQ; — Ca(HPQy), - XHOGOH | 7]
Ca(HPQy), - XHOGOH- +Ca(0AQ,(HOGOH), — mCa(PQ;), - XHOGOH | +

Copyright© 1999JohnWiley & Sons,Ltd.

nCaHPQ - xHOGOH | 8]
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Figure 3 XRD patternf: (a) sampleCP1-2(HOAc/Ca=0);
(b) sampleCP2-2(HOAc/Ca= 2); (c) sampleCP3-2(HOAc/
Ca=4); (d) sampleCP4-6(HOAc/Ca=6).

of morethan2 (samplesCP3,and4), theremainder
of the mixture contains mainly the reactants,
Ca(OACH(HOGOH), speciesandfree HOAc mol-

ecules.Thereactionsof the formationof theinitial

precipitatescanbe consideredasthe sameasEqns
[6] and[7]; the reactionsof the initial precipitates
with the remainderof the mixturesto form the
equilibratedprecipitatescould be written as Eqns
[9] and[10].

Equation[9] leadsto thedissolutionof theinitial
precipitatesbecausehe free HOAc canplay roles
in stabilizing the combinationof acetateligands
with calciumions andincreasinghe acidity of the
mixture. If the mixtureis stirredfor alongtime, a
homogeneousnvironmentis provided and Eqn
[10] can be greatly accelerated.The newly and
quickly formedparticlesactasnucleito inducethe
formation of more equilibrated particles. The
HOAc still playsa role in lowering the m/nratio

in the precipitatesobtainedfrom Eqn [10] com-
pared with those from Eqgn [8]. Hence, the
corresponding Iyax(s-tcpylmax(p-cap,0) ratios
decreasdo 0.23 and 0.00 for samplesCP3-2and
4-6 [Fig. 3, curves(c) and (d)], respectively.The
lack of appearanceof f-TCP in sample CP4-6
implies that the equilibrated precipitates,sample
CP4-1,couldbein theform of CaHPQ-xHOGOH,
which conformswith thecasen anaqueousystem
with alow pH value?’

3.1.2. Reactionsbetweencalcium glycolateand
PO(OH),(OEt)3_x

In this work, the PO(OH)(OEt)_y solution con-
tainedalargeamountof PO(OH)}(OELt), a medium
amountof PO(OH)(OEt), and a small amountof
HsPQ,, as shownin Fig. 2. When the calcium
glycolate solutions were mixed with the
PO(OH)(OEt);_, solutionin different Ca/Pratios,
precipitatesappearedmmediatelyin samplesCP5,
9 and 13. The addition of HOAc to the mixtures
could minimize and eliminate the precipitation,
dependingon the amountsof HOAc added, as
shownin Tablel. If theHOAc/Caratiowas3, sam-
plesCP8,12 and16 could becomestablesolutions.

HsPQ,;, PO(OHYZ(OR) and PO(OH)(OR) are
usually consideredas very reactive, moderately
reactiveandalmostinert, respectively** Whenthe
calcium glycolate solution is mixed with the
PO(OH)(OEt)_y solution, the calcium species
mainly react with H3PO, speciesas mentioned
above,leadingto immediateprecipitation.Hence,
HsPO, couldbeconsideredsamaincontributorto
the precipitates.

Whenthe PO(OH)(OEt);_, solutionwasadded
to the calcium glycolatesolutionswith HOAc, the
modifiedcalciumglycolatespeciesvould notreact
so strongly with the HsPO, specieslf free HOAc
exits, the mixtures can remain as stablesolutions
becauseghe PO(OH)(OEt);_, solution containsa
small amountof HsPO, speciesand free HOAC
depressesthe reactions between the modified
calcium glycolate and H3sPQ, by increasingthe
acidity.

3.2 Formation of a transparent gel
Thereaction(Eqn[10]) of theinitial precipitatedo

Ca(HPQy), - XHOGOH+ HOAc — Ca(OAc)(HPQy) (HOGOH), (9]
Ca(OAc)(HPQy) (HOGOH), + Ca(OAQ,(HOGOH), — mCa(PQy), - XHOGOH | +

Copyright© 1999JohnWiley & Sons,Ltd.

nCaHPQ - XHOGOH | [10]
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form the equilibratedproductinvolvesthe removal
of the solvated HOGOH molecules and the
diffusion of the speciesTheseprocessesould be
retarded by the large molecular size and high
viscosity of the ethylene glycol solvent. The
reactionwill proceedsluggishly when stirring is
stoppedust after the completionof the additionof
H3sPQ,. If the remainderof the mixture hasa high
acidity, the initial precipitatescan be completely
dissolved accordingto Eqn [9] and the soluble
calcium phosphatespeciescan be kept for a long
time due to the absenceof induction of solid
particles.Hence,only the mixture with the highest
HOAc/Ca ratio, sample CP4, is able to form a
clear solution, and the solution may contain
Ca(OAc)(HhPO,)(HOGOH), and Ca(OAc)
(HOGOH), species.When the solution ages,the
speciesin the solution have a thermodynamic
tendencyto associatewith eachotherto form an
equilibratedproductwhich appearsas precipitates
like sample4-1. Sincethis associatiortendencyis
exerted homogeneouslyon each speciesin the
solution,gelationcanoccurinsteadof precipitation.
Accordingto the NMR spectrunof the transparent
gel [Fig. 4, curve(a)], mostof the P speciesarenot
combinedvery strongly with the calcium species
dueto a strongpeakat 0.74ppmandsomeexistas
oligomersof calciumphosphatelueto aweakpeak
at 3.25ppm.In the gel, the phosphatgroupscould
be consideredo bondto the free HOAc molecules
by hydrogenbondingbecaused and O atomsin
bothhavearelativelyhighstaticelectricforce.This
leadsto a smallshift of the phosphatgroupsin the
NMR spectrumof the gel. The formation of the
transparengel networkcanbesuggestedb bebuilt
from oligomericcalciumphosphatspeciesmono-
meric calcium phosphatespeciesand unreacted
calcium species through a hydrogen bonding
connection(Egns[11] and[12]).

Equation[11] indicatesthat the soluble species
areassociatedy hydrogenbonding,and Eqn [12]
denoteghe crosslinkingof the associatedalcium
phosphatespeciesby unreactedcalcium species
andcalciumphosphateligomers Whenthevalues
of m,nandl arelargeenoughagel canbeformed.
Because the calcium species contain solvated
moleculesandthe phosphoruspecieshavehydro-

nCa(OAC)H,PQ;)(HOGOH), — {Ca(OAc)H,PQ,)(HOGOH),} ,

(©)

{b)

Intensity (a.u.)

(a)

.................................................

8 7 6 S5 4 3 2 1 0 -1 22
Chemical shift (ppm)

Figure 4 3P solid-state NMR spectra of sample CP4-3
heatedat (a) unheated(b) 150°C; (c) 750°C.

gen-bondedHOAc moleculesn thegel,thegel can
appeartransparent?

Whenthe transparengel is heatedat 150°C, a
similar structurein thegelto hydroxyapatitecanbe
formed by removing acetateligands and rearran-
gingthestructureasshownin Figs4, curve(b), and
5, curve (a). This implies that the gel hasa good
homogeneity When the gel is further heatedat a
higher temperature, the hydroxyapatite phase
developetteraccordingio a narrowerNMR peak
at 2.75ppm [Fig. 4, curve (c)] and strongerXRD
intensitiesin [Fig. 5, curves(b), (c) and(d)].

Whenthe transparengel ages the gel structure
tries to rearrangeitself to a thermodynamically
equilibratedone, causingthe transparengel to be
couldy, and even to precipitate. The precipitate
after calcination at 500°C becomesa pure f-
CaP,0O; phaseasthe sameassampleCP4-6[Fig.
3, curve(d)].

11

{Ca(OAC)H,POy)(HOGOH), },, + mCa(OAc)(HOGOH), + I{Ca(OAcyPOs} —

{Ca(OACYH2PQy) (HOGOH), }, - mCa(OACc,(HOGOH), - 1{Ca(OACyPO,}

Copyright© 1999JohnWiley & Sons,Ltd.
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Figure 5 XRD patterns of sample CP4-3 heated at: (a)
150°C; (b) 500°C; (c) 750°C (d) 1000°C.
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Figure 6 XRD patterns of the gel-like powders without
calcinationobtainedfrom: (a) sampleCP8; (b) sampleCP12;
(c) sampleCP16.XRD patternsof the powdersaftercalcination
at 750°C obtained:(d) from (a); (e) from (b); (f) from (c).
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Figure 7 XRD patternof thecoatingsobtainedat (a) 500°C;
(b) 750°C.

3.3 Synthesis of calcium
phosphates

SamplesCP8,12 and 16 were eachpouredonto a
hotplate,respectivelyandweretransformedo gel-
like powders.Thesegel-like powderswere then
calcinedat 1000°C.

The XRD patterns of the gel-like powders
derived from samplesCP8, 12 and 16 show that
they areamorphougFig. 6, curves(a), (b) and(c)]
andthe XRD patterngFig. 6, curves(d), (e) and(f)]
of the calcined powders show that the powder
derived from sample CP8 changesto a pure
CaP,0; phase;the powder derived from CP12
changedo a f-TCP phaseandthe powderderived
from CP16 changesto a hydroxyapatite phase
containinga very smallamountof CaO.

The easy synthesisof the different calcium
phosphatecompoundscould be attributedto the
inclusion of a gelationin the process.When the
stable solutions are heatedon the hot plate, the
solvent evaporates During concentrationof the
solutions, the calcium and phosphorusspecies
approacheachother,andthey enterinto a gelation
procesgto becomegel-like powders After gelation,
the resulting product could keep the chemical
homogeneitywhich leadsto its existenceas an

Appl. OrganometalChem.13, 555-564(1999)
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Figure 8 SEM micrographf the hydroxyapatitecoatingon
aluminasubstrateobtainedat 750°C.

amorphoustate,andto theformationof a calcium
phosphatghaseasdesignedn the initial solution
after calcination.

3.4 Hydroxyapatite coatings

WhensampleCP16wasusedasadippingsolution,
pure hydroxyapatite phase coatings on alumina
substratesvere formed (Fig. 7), and the coatings
had a porousor rough surface(Fig. 8) which is
favorablefor the growth of bonetissues:* With an
increasein heatingtemperatureshe HAP crystal-
line phasen thecoatingswasbetterdevelopedThe
intensitiesof the peaksin the coating heatedat
750°C wereabouttwice ashigh asthatof the peaks
in the coatingpreparedat 500°C (Fig. 7).

The adhesionstrengthfor the coatingheatedat
1000°Cwas10.0+ 2.8 MPa.Thisvalueshowsthat

Copyright© 1999JohnWiley & Sons,Ltd.

the bondingbetweerthe aluminasubstrateandthe
coatingis strongand could include a contribution
by a chemicallycombination,althoughtheir XRD
patternsdo not showany extraphasegormed.

4 CONCLUSION

Since calcium glycolate haslarge alkoxy ligands,
its solutionis more stableat ambienttemperature
thanothercommonCa alkoxides.

Acetic acid playsimportantrolesin obtaininga
transparengel and stablesolutionsin the calcium
glycolate—-HPQO, and the calcium glycolate—
PO(OH)(OEt);_x systems because HOAc can
modify the Ca glycolate species,increase the
acidity in the mixtures and retard the reactions
between Ca glycolate and either HzPO, or
PO(OH)(OEt)s_y.

A transparengel canbeformedfrom the mixture
of the calciumglycolateandHsPQ, in a Ca/Pratio
of 1.67 when the mixture containsan HOAc/Ca
ratio of 6 andis not further stirred just after the
addition of H3PQ,.

Different calcium phosphatecompoundsanbe
formed easily from the solutionsof the calcium
glycolateand PO(OH)(OEt)_, with an HOAc/Ca
ratio of 3 andcorrespondingCa/Pratios.

Fromastablesolutionobtainedrom the calcium
glycolateand PO(OH)(OEt);_4 with a HAOC/Ca
ratio of 3 anda Ca/Pratio of 1.67, hydroxyapatite
coatingsonaluminasubstratesanbe preparedy a
dippingmethod.Theresultingcoatingshowsa pure
hydroxyapatitgphaseanda goodadhesivestrength
of 10+ 2.8MPa.
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