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A single calcium glycolate was synthesized. The
alkoxide was stable under ambient atmosphere.
The calcium glycolate, phosphoric acid and
P(OH)x(OEt)3ÿx were used as the precursors.
Acetic acid was used as a reagent to modify the
calcium glycolate and to change the acidity of the
mixtures of the precursors. Mixtures of the
calcium glycolate and phosphoric acid in a Ca/P
ratio of 1.67 showed unusual sol–gel behavior. A
transparent gel could be formed depending on
the content of acetic acid and the extent of
stirring. The behavior is attributed to a high
viscosity and a large molecular size of the
ethylene glycol solvent, leading to a strong
dependence of the reactions in the mixtures on
the diffusion process, greatly affected by stir-
ring. When the mixtures of the calcium glycolate
and PO(OH)x(OEt)3ÿx contained acetic acid at
an acetic acid/Ca ratio of 3, stable alkoxide
solutions with Ca/P ratios of 1.0, 1.5 and 1.67
could be formed. Different calcium phosphate
compounds and hydroxyapatite coatings on
alumina substrates could easily be formed from
the alkoxide solutions. The chemical homogene-
ity provided by the alkoxide route leads to easy
formation of the required products. Copyright
# 1999 John Wiley & Sons, Ltd.
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1 INTRODUCTION

The primary step in sol–gel processing is to make
an initial solution or sol which is thus capable of
providing a homogeneous product.1,2 The product
has a great potential to form a finally required
material at a low temperature in the form of bulk
material, film, fiber or powder.2 The hydrolysis of
precursors and the condensation of the hydrolyzed
species make the main contributions to the sol–gel
transition.3 Only appropriate precursors and sol-
vents can produce the transition. Alkoxides and
alcohols are usually used as good precursors and
solvents respectively because the hydrolysis of
alkoxides is easily controlled by adding a required
amount of water and the by-products of the
hydrolysis are alcohols.3 However, some alkoxides
have low solubilities in alcohols or high rates of
hydrolysis and condensation; these lead to the
difficulties in obtaining a homogeneous or trans-
parent gel in a multicomponent system. Chemical
modifications to these alkoxides are usually em-
ployed to solve these problems. The alkoxyl groups
in the alkoxides are exchanged by bigger alkoxyl
groups or other more strongly combined ligands
such as acetate, acetylacetonate and amines.4 After
modification, the alkoxides are able to form a
transparent gel in a single-component system such
as copper ethoxide5,6 and in a multicomponent
system.7 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 studied.8 It
is well known that calcium phosphates are also
important materials and they are widely used in
chemical and biological engineering.9 Unfortu-
nately, the sol–gel-derived materials in calcium
phosphate systems are rarely reported. The diffi-
culties could result from the high rates of hydrolysis
and condensation for common calcium alkoxides10

and from chemical inertia for phosphorus alkox-
ides.11 Recently, Livage’s work showed that a
modified phosphorus alkoxide, PO(OH)x(OR)3ÿx
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obtainedby refluxinganalcoholicsolutionof P2O5,
couldgiveacertainchemicalreactivityandit could
form a transparentgel in a TiO2–P2O5 system.11

Laine found that calciumglycolatespeciesexisted
in a bimetallic alkoxide–calciumtri(glycolato)sili-
cate,which servesas a good precursorto silicate
glassandceramicpowders.12 Layroll foundthatthe
as-preparedmixture of calcium ethoxide and
phosphoric acid produced gelatinous calcium
phosphateprecipitates.13 Theseresultsprovide a
basisto gain an insight into the sol–gelprocessin
calciumphosphatesystems.

In order to understandthe sol–gel processin
calciumphosphatesystems,it is importantfor the
system to form a transparentgel, becausesuch
formationimpliesthatthechemicalreactionsin the
systemarewell controlled.

Thesynthesisof thedifferentcalciumphosphate
compounds by an alkoxide solution route is
interestingbecausetheroutecouldprovideasimple
way to obtain calcium phosphates,as compared
with many other wet methods.14 In addition,
hydroxyapatite-coatedimplants have both good
bioactivity and mechanicalstrength,15 which is
significant in 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
common route, i.e. the spraying method, brings
abouthydroxyapatitecoatingswith otherunneces-
sary phaseswhich may not be favorable to the
humanbody.16

In this work, a single calcium alkoxide was
synthesizedby dissolving calcium metal in ethy-
lene glycol. A transparentcalcium phosphategel,
variouscalciumphosphatecompoundsandhydro-
xyapatite coatings were preparedvia alkoxides;
their formation processesare characterizedand
discussed.

2 EXPERIMENTAL PROCEDURE

2.1 Sample preparation

The calcium glycolatewas synthesizedby dissol-
ving granular calcium (Merck, Lab) in ethylene
glycol (HOGOH) (PronaLab@ GR), which had
been dried by distilling before use. Reflux was
performed until the complete dissolution of the
granularcalcium.

The PO(OH)x(OEt)3ÿx solution was formed by
dissolving P2O5 (Riedel–deHaen) in absolute
ethanol(Merck GR) andrefluxing for 24h.11

For thesynthesisof a transparentgel,phosphoric
acid, H3PO4 (BOH, Lab, 90%), was usedas the
phosphorusprecursor.Aceticacid(HOAc) (Merck,
GR) wasaddedto 0.5M calciumglycolatesolution
in HOAc/Caratiosof 2, 4 and6 respectively;the
mixtureswerestirredfor 10min, then,H3PO4 at a
Ca/Pratio of 1.67wasdroppedcontinuallyinto the
calciumglycolatesolutionswith or without HOAc.
During the addition of H3PO4, the mixtureswere
stirred. After completionof the addition, the as-
preparedmixturesweresealedby PVA films.Some
of theas-preparedmixtureswerefurtherstirredfor
8 h.After amixturegelledor precipitated,thegelor
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
compounds,the PO(OH)x(OEt)3ÿx solution (4 M)
wasusedasthe phosphorusprecursor.HOAc was
addedto thecalciumglycolatesolutionsin HOAc/
Caratiosof 1, 2 and3, then,thePO(OH)x(OEt)3ÿx
solution was added to the calcium glycolate
solutionsin Ca/Pratios of 1.0, 1.5 and 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
werecalcinedat 1000°C for 1 h.

In thepreparationof hydroxyapatitecoatingson
alumina substrates(HoechstCeram Tec AG), a
liquid film wasformedby a dipping methodusing
the stablemixed solutionof the PO(OH)x(OEt)3ÿx
andthecalciumglycolateataCa/Pratioof 1.67and
anHOAc/Caratio of 3. Thesubstratesweredipped
into the solution and withdrawn at a rate of
4 cmminÿ1. The dipped liquid film was dried at
150°C for at least15min and the dried film was
heatedat 500°C for 10min for a run. In order to
increasethethicknessof thecoatings,10 runswere
performed.The coatingswith 10 runswereheated
at 750°C for 15min.

Theconditionsof themainsamplesin this work
arelisted in Table1.

2.2 Characterizations

2.2.1 31P nuclear magnetic resonance
31P liquid-statenuclearmagneticresonance(NMR)
spectrawereexaminedin aFouriertransformNMR
spectrometer(Bruker, AMX 300) at 121.5MHz
with pulsewidths of 3.3ms, recycledelaysof 1 s
andtransientsof 15K
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31P solid-stateNMR spectraweremeasuredin a
FouriertransformNMR spectrometer(BrukerMSL
400P)at 161.978MHz with magic-anglespinning
andrecycledelaysof 60s, andthe chemicalshifts
arequotedin ppmfrom H3PO4 (aq.85wt%).

2.2.2 Infrared spectroscopy
Infrared(IR) spectraof the Ca glycolatesolutions
with differentamountsof HOAc weremeasuredin
a Fouriertransforminfraredspectrometer(Mattson
Glaxy 7020) with resolution of 4 cmÿ1. A dis-
mountableliquid cell with KBr windowswasused.

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

an X-ray diffractometer(Rigaku,D/MAX-B) with
astepsizeof 0.05° andascanspeedof 2.00° minÿ1.

2.2.4 Test of adhesivestrength of the coatings
To test the adhesivestrengthof the coatings,one
sidewith a hydroxyapatite(HAP) layer in a coated
samplewasremovedby polishingwith a grinding
paperandwascarefullycleanedwith acetone.Two
metallic cylinders of 8 mm in diameter were
attached,one to the side with an HAP layer and
oneto theoppositesidewithoutanHAP layer,by a
superglue (Permatex1 Industrial), respectively.
After the glue had polymerized at ambient
temperaturefor 24h, the adhesivestrengthof the
HAP layer to the substratewas measuredby
applying a tensile stressto their interface in a

Table 1 The conditionsof thesamplesstudiedin this worka

Sample P precursor Ca/Pratio HOAC/Ca Remark

C1 1 Solution
C2 2 Solution
C3 3 Solution
C4 4 Solution

CP1 H3PO4 1.67 0 Sol whenas-prepared
CP1-1 H3PO4 1.67 0 Precipitatesobtainedby furtherstirring of sampleCP1for 8 h
CP1-2 H3PO4 1.67 0 Powdersobtainedby calciningsampleCP1-1at 500°C
CP2 H3PO4 1.67 2 Sol whenas-prepared
CP2-1 H3PO4 1.67 2 Precipitatesobtainedby furtherstirring of sampleCP2for 8 h
CP2-2 H3PO4 1.67 2 Powderobtainedby calciningsampleCP2-1at 500°C
CP3 H3PO4 1.67 4 Sol whenas-prepared
CP3-1 H3PO4 1.67 4 Precipitatesobtainedby furtherstirring of sampleCP3for 8 h
CP3-2 H3PO4 1.67 4 Powderobtainedby calciningsampleCP3-1at 500°C
CP4 H3PO4 1.67 6 Sol whenas-prepared
CP4-1 H3PO4 1.67 6 Precipitatesobtainedby furtherstirring of sampleCP4for 8 h
CP4-2 H3PO4 1.67 6 Clearsolutionafterno further stirring, andkeepingfor oneday
CP4-3 H3PO4 1.67 6 Transparentgel after keepingsampleCP4-2for about20h
CP4-4 H3PO4 1.67 6 Cloudygel after keepingsampleCP4-3for onemonth
CP4-5 H3PO4 1.67 6 Precipitatesafter keepingsampleCP4-4for onemonth
CP4-6 H3PO4 1.67 6 Powderobtainedby calciningsampleCP4-1at 500°C

CP5 PO(OH)x(OEt)3ÿx 1.00 0 Heavyprecipitation
CP6 PO(OH)x(OEt)3ÿx 1.00 1 Slight precipitation
CP7 PO(OH)x(OEt)3ÿx 1.00 2 Very slight precipitation
CP8 PO(OH)x(OEt)3ÿx 1.00 3 Solution
CP9 PO(OH)x(OEt)3ÿx 1.50 0 Heavyprecipitation
CP10 PO(OH)x(OEt)3ÿx 1.50 1 Slight precipitation
CP11 PO(OH)x(OEt)3ÿx 1.50 2 Very slight precipitation
CP12 PO(OH)x(OEt)3ÿx 1.50 3 Solution
CP13 PO(OH)x(OEt)3ÿx 1.67 0 Heavyprecipitation
CP14 PO(OH)x(OEt)3ÿx 1.67 1 Slight precipitation
CP15 PO(OH)x(OEt)3ÿx 1.67 2 Very slight precipitation
CP16 PO(OH)x(OEt)3ÿx 1.67 3 Solution

a The calciumprecursoris calciumglycolate.
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machine (Shimadzu Universal Test Machine,
AutographAG-25TA) with a crossheadspeedof
1 mmminÿ1. At least three measurementswere
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
according to Eqn [1] and the product could be
expressedasCa(OGOH)2(HOGOH)2 becauseCa2�

ionsneedacoordinationnumberof 4 in solution.17

Ca� HOGOH! Ca�OGOH�2�HOGOH�2� H2 "
�1�

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

WhenHOAc wasaddedto thecalciumglycolate
solution,samplesC1and2 showedthatthecalcium
glycolate specieswere modified, based on the
appearanceof the nas(COO) bandat 1567cmÿ1 in
their IR spectra,becausethis band is related to
acetateligandscoordinatedwith Caspecies18 [Fig.
1 curves(a)and(b)]. Thereactionbetweencalcium
glycolateandHOAc canbe written asEqn [2]. If
theHOAc/Caratio wasmorethan2, excessHOAc
appearedin the form of free HOAc molecules,
becausesamplesC3 and4 hadthenas (COO)band
at 1710cmÿ1 as well as the nas (COO) band at
1567cmÿ1 [Fig. 1(c) and(d)].18

Ca(OGOH)2�HOGOH�2� HOAC
! Ca(OAC)2�HOGOH�2 �2�

The31Pliquid-stateNMR spectrum(Fig.2) of the

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

Figure 2 31P Liquid-state NMR spectrum of the ethanol
solutionof P2O5.
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solutionof P2O5 showsthat it containsthreekinds
of P species,mainly PO(OH)2(OEt) speciesat
1.13ppm andPO(OH)(OEt)2 speciesat 0.02ppm,
andminor H3PO4 speciesat 2.19ppm.11

3.1.1 Reactionsbetweencalcium glycolateand
H3PO4
When H3PO4 was added to the Ca glycolate
solutions with different HOAc/Ca ratios, the as-
preparedmixtures,samplesCP1, 2, 3 and 4, had
fineprecipitates.By furtherstirringthemixturesfor
8 h, theparticlesin themixturesgrewsolargeasto
be sedimented;the precipitatesfrom the corre-
spondingmixturesaredenotedassamplesCP1-1,
2-1, 3-1 and 4-1, respectively. If stirring was
stoppedjust after the formationof the as-prepared
mixtures, samples CP1, 2 and 3 could stay
unchangedfor a long time,butsampleCP4became
a clear solution after keeping for one day. The
resultingsolution,sampleCP4-2,wastransformed
to a transparentgel afterthesolutionhadbeenkept
for 20h. A cloudy gel was formed after the
transparentgel (sampleCP4-3)agedfor onemonth,
and finally precipitates(sampleCP4-5) appeared
after the cloudy gel (sampleCP4-4)had agedfor
onemonth.

In the mixtures,H3PO4 has an ability to react
with calciumspecies,andthepresenceof H2O from
theH3PO4 reagentin anH2O/H3PO4 ratio of about
0.6 canenhancethe reactionsbetweenH3PO4 and
calciumspecies.19 It is reasonablyconsideredthat
the Ca glycolatereactswith pure H3PO4 droplets
during the addition of H3PO4; calcium phosphate
precipitatesarethuseasilyformed,andcauseall the
as-preparedmixtures to contain many small
precipitatedparticles.Theseinitial precipitateswill
furtherreactwith therestof themixtureto form the
equilibratedproducts.

If it is supposedthat the reactionof the initial
precipitateswith the rest in the mixturesproceeds
under stirring for 8 h to attain an equilibrium,
HOAc shows an influence on the equilibrated
precipitates(samples1-1,2-1,3-1and4-1)because
theXRD patterns(Fig.3) indicatetheseprecipitates
with different CaO/P2O5 ratios. The ratios of the
maximumpeakintensityof b-tricalciumphosphate
(b-TCP)to b-Ca2P2O7 (IMAX(b-TCP)/IMAX(b-Ca2P2O7))
are2.24,0.83,0.23and0.00for samplesCP1-2,2-
2, 3-2 and4-6, respectively.The effectsof HOAc
on the reactionsbetweenthe precursorscould be
explained as follows. For the mixture without
HOAc, sampleCP1, there are only the calcium
glycolatespeciesremaining.The reactionprocess
could besuggestedasEqns[3]–[5].

Equations[3] and[4] leadto theformationof the
initial precipitates,and Eqn [5] brings about the
formationof theequilibratedprecipitates.Sincethe
calcium glycolate speciesdemonstratesa strong
basicity13 andpromotesthedissociationof H3PO4,
sampleCP1-1obtainedfrom Eqn [5] hasa large
valueof m/n, i.e. a largeCaO/P2O5 ratio.

WhenH3PO4 is addedto the calcium glycolate
solutionmodifiedby HOAc in a HOAc/Caratio of
2 (sampleCP2),thereactantin theremainderof the
mixture is mainly Ca(OAC)2(HOGOH)2 species.
The reactionscouldbe suggestedasEqns[6]–[8].

Equations[6] and[7] areconsideredto form the
initial precipitatesdue to the easyreplacementof
acetateligandsby phosphategroupsin an H3PO4-
rich systemandEqn [8] leadsto the formation of
the equilibrated precipitates.Since the basicity
of Ca(OAc)2(HOGOH)2 is less than that of
Ca(OGOH)2(HOGOH)2,

20 sampleCP2-1obtained
from Eqn [8] will havea lower m/n ratio.

WhenH3PO4 is addedto the calcium glycolate
solutionsmodifiedby HOAc in an HOAc/Caratio

Ca(OGOH)2�HOGOH)2� H3PO4! Ca(OGOH��H2PO4�(HOGOH�2 �3�
Ca(OGOH��H2PO4)(HOGOH)2 � H3PO4! Ca�H2PO4�2 � xHOGOH# �4�
Ca�H2PO4�2 � xHOGOH� Ca(OGOH)2(HOGOH)2! mCa3�PO4�2 � xHOGOH# �

nCaHPO4 � xHOGOH# �5�

Ca(OAC�2�HOGOH�2� H3PO4! Ca(OAC)(H2PO4��HOGOH�2 �6�
Ca(OAC)(H2PO4��HOGOH�2 � H3PO4! Ca(H2PO4�2 � xHOGOH# �7�
Ca(H2PO4�2 � xHOGOH� �Ca(OAc�2�HOGOH�2! mCa3�PO4�2 � xHOGOH# �

nCaHPO4 � xHOGOH# �8�

Copyright# 1999JohnWiley & Sons,Ltd. Appl. Organometal.Chem.13, 555–564(1999)

ALKOXIDE SOL–GELPROCESS 559



of morethan2 (samplesCP3,and4), theremainder
of the mixture contains mainly the reactants,
Ca(OAc)2(HOGOH)2 speciesandfree HOAc mol-
ecules.Thereactionsof theformationof the initial
precipitatescanbeconsideredasthesameasEqns
[6] and[7]; the reactionsof the initial precipitates
with the remainderof the mixtures to form the
equilibratedprecipitatescould be written as Eqns
[9] and[10].

Equation[9] leadsto thedissolutionof theinitial
precipitatesbecausethe free HOAc canplay roles
in stabilizing the combinationof acetateligands
with calciumionsandincreasingtheacidity of the
mixture. If the mixture is stirredfor a long time, a
homogeneousenvironmentis provided and Eqn
[10] can be greatly accelerated.The newly and
quickly formedparticlesactasnuclei to inducethe
formation of more equilibrated particles. The
HOAc still plays a role in lowering the m/n ratio

in the precipitatesobtainedfrom Eqn [10] com-
pared with those from Eqn [8]. Hence, the
corresponding IMAX(b-TCP)/IMAX(b-Ca2P2O7) ratios
decreaseto 0.23 and 0.00 for samplesCP3-2and
4-6 [Fig. 3, curves(c) and (d)], respectively.The
lack of appearanceof b-TCP in sample CP4-6
implies that the equilibratedprecipitates,sample
CP4-1,couldbein theform of CaHPO4�xHOGOH,
whichconformswith thecasein anaqueoussystem
with a low pH value.17

3.1.2. Reactionsbetweencalcium glycolateand
PO(OH)x(OEt)3ÿx
In this work, the PO(OH)x(OEt)3ÿx solution con-
taineda largeamountof PO(OH)2(OEt),a medium
amountof PO(OH)(OEt)2, and a small amountof
H3PO4, as shown in Fig. 2. When the calcium
glycolate solutions were mixed with the
PO(OH)x(OEt)3ÿx solutionin differentCa/Pratios,
precipitatesappearedimmediatelyin samplesCP5,
9 and 13. The addition of HOAc to the mixtures
could minimize and eliminate the precipitation,
dependingon the amountsof HOAc added, as
shownin Table1. If theHOAc/Caratiowas3,sam-
plesCP8,12and16couldbecomestablesolutions.

H3PO4, PO(OH)2(OR) and PO(OH)(OR)2 are
usually consideredas very reactive, moderately
reactiveandalmostinert, respectively.11 Whenthe
calcium glycolate solution is mixed with the
PO(OH)x(OEt)3ÿx solution, the calcium species
mainly react with H3PO4 speciesas mentioned
above,leadingto immediateprecipitation.Hence,
H3PO4 couldbeconsideredasamaincontributorto
theprecipitates.

WhenthePO(OH)x(OEt)3ÿx solutionwasadded
to the calciumglycolatesolutionswith HOAc, the
modifiedcalciumglycolatespecieswould not react
so stronglywith the H3PO4 species.If free HOAc
exits, the mixturescan remainas stablesolutions
becausethe PO(OH)x(OEt)3ÿx solution containsa
small amount of H3PO4 speciesand free HOAc
depressesthe reactions between the modified
calcium glycolate and H3PO4 by increasingthe
acidity.

3.2 Formation of a transparent gel

Thereaction(Eqn[10]) of theinitial precipitatesto

Figure 3 XRD patternsof: (a)sampleCP1-2(HOAc/Ca= 0);
(b) sampleCP2-2(HOAc/Ca= 2); (c) sampleCP3-2(HOAc/
Ca= 4); (d) sampleCP4-6(HOAc/Ca= 6).

Ca(H2PO4�2 � xHOGOH� HOAc! Ca(OAc)(H2PO4��HOGOH�2 �9�
Ca(OAc)(H2PO4��HOGOH�2� Ca(OAc�2�HOGOH�2! mCa3�PO4�2 � xHOGOH# �

nCaHPO4 � xHOGOH# �10�
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form theequilibratedproductinvolvestheremoval
of the solvated HOGOH molecules and the
diffusion of the species.Theseprocessescould be
retarded by the large molecular size and high
viscosity of the ethylene glycol solvent. The
reaction will proceedsluggishly when stirring is
stoppedjust after thecompletionof theadditionof
H3PO4. If the remainderof the mixture hasa high
acidity, the initial precipitatescan be completely
dissolved according to Eqn [9] and the soluble
calcium phosphatespeciescan be kept for a long
time due to the absenceof induction of solid
particles.Hence,only themixture with thehighest
HOAc/Ca ratio, sample CP4, is able to form a
clear solution, and the solution may contain
Ca(OAc)(H2PO4)(HOGOH)2 and Ca(OAc)2
(HOGOH)2 species.When the solution ages,the
species in the solution have a thermodynamic
tendencyto associatewith eachother to form an
equilibratedproductwhich appearsasprecipitates
like sample4-1. Sincethis associationtendencyis
exerted homogeneouslyon each speciesin the
solution,gelationcanoccurinsteadof precipitation.
Accordingto theNMR spectrumof thetransparent
gel [Fig. 4, curve(a)], mostof theP speciesarenot
combinedvery strongly with the calcium species
dueto a strongpeakat 0.74ppmandsomeexistas
oligomersof calciumphosphatedueto aweakpeak
at 3.25ppm.In thegel, thephosphategroupscould
beconsideredto bondto the freeHOAc molecules
by hydrogenbondingbecauseH and O atomsin
bothhavearelativelyhighstaticelectricforce.This
leadsto a smallshift of thephosphategroupsin the
NMR spectrumof the gel. The formation of the
transparentgelnetworkcanbesuggestedto bebuilt
from oligomericcalciumphosphatespecies,mono-
meric calcium phosphatespeciesand unreacted
calcium species through a hydrogen bonding
connection(Eqns[11] and[12]).

Equation[11] indicatesthat the solublespecies
areassociatedby hydrogenbonding,andEqn [12]
denotesthe crosslinkingof the associatedcalcium
phosphatespeciesby unreactedcalcium species
andcalciumphosphateoligomers.Whenthevalues
of m,n andl arelargeenough,agel canbeformed.
Because the calcium species contain solvated
moleculesandthephosphorusspecieshavehydro-

gen-bondedHOAc moleculesin thegel, thegelcan
appeartransparent.22

Whenthe transparentgel is heatedat 150°C, a
similar structurein thegel to hydroxyapatitecanbe
formed by removing acetateligands and rearran-
ging thestructureasshownin 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
developsbetteraccordingto a narrowerNMR peak
at 2.75ppm [Fig. 4, curve (c)] and strongerXRD
intensitiesin [Fig. 5, curves(b), (c) and(d)].

Whenthe transparentgel ages,the gel structure
tries to rearrangeitself to a thermodynamically
equilibratedone,causingthe transparentgel to be
couldy, and even to precipitate.The precipitate
after calcination at 500°C becomesa pure b-
Ca2P2O7 phase,asthesameassampleCP4-6[Fig.
3, curve(d)].

Figure 4 31P solid-state NMR spectra of sample CP4-3
heatedat (a) unheated;(b) 150°C; (c) 750°C.

nCa(OAC)�H2PO4��HOGOH�2! fCa(OAc)�H2PO4��HOGOH�2gn �11�
fCa(OAc)�H2PO4��HOGOH�2gn �mCa(OAc)2�HOGOH�2� lfCa(OAc)3PO4g !
fCa(OAc)�H2PO4��HOGOH�2gn �mCa(OAc)2�HOGOH�2 � lfCa(OAc)3PO4g �12�
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3.3 Synthesis of calcium
phosphates

SamplesCP8,12 and16 wereeachpouredonto a
hotplate,respectively,andweretransformedto 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
theyareamorphous[Fig. 6, curves(a), (b) and(c)]
andtheXRD patterns[Fig. 6,curves(d), (e)and(f)]
of the calcined powders show that the powder
derived from sample CP8 changes to a pure
Ca2P2O7 phase;the powder derived from CP12
changesto ab-TCPphase;andthepowderderived
from CP16 changesto a hydroxyapatitephase
containinga very small amountof CaO.

The easy synthesis of the different calcium
phosphatecompoundscould be attributed to the
inclusion of a gelation in the process.When the
stable solutions are heatedon the hot plate, the
solvent evaporates.During concentrationof the
solutions, the calcium and phosphorusspecies
approacheachother,andtheyenterinto a gelation
processto becomegel-likepowders.After gelation,
the resulting product could keep the chemical
homogeneitywhich leads to its existenceas an

Figure 5 XRD patterns of sample CP4-3 heated at: (a)
150°C; (b) 500°C; (c) 750°C (d) 1000°C.

Figure 6 XRD patterns of the gel-like powders without
calcinationobtainedfrom: (a) sampleCP8; (b) sampleCP12;
(c) sampleCP16.XRD patternsof thepowdersaftercalcination
at 750°C obtained:(d) from (a); (e) from (b); (f) from (c).

Figure 7 XRD patternsof thecoatingsobtainedat(a)500°C;
(b) 750°C.
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amorphousstate,andto theformationof a calcium
phosphatephaseasdesignedin the initial solution
after calcination.

3.4 Hydroxyapatite coatings

WhensampleCP16wasusedasadippingsolution,
pure hydroxyapatitephase coatings on alumina
substrateswere formed (Fig. 7), and the coatings
had a porousor rough surface(Fig. 8) which is
favorablefor thegrowthof bonetissues.21 With an
increasein heatingtemperaturesthe HAP crystal-
line phasein thecoatingswasbetterdeveloped.The
intensitiesof the peaksin the coating heatedat
750°C wereabouttwiceashighasthatof thepeaks
in thecoatingpreparedat 500°C (Fig. 7).

The adhesionstrengthfor the coatingheatedat
1000°C was10.0� 2.8MPa.Thisvalueshowsthat

thebondingbetweenthealuminasubstrateandthe
coatingis strongandcould include a contribution
by a chemicallycombination,althoughtheir XRD
patternsdo not showanyextraphasesformed.

4 CONCLUSION

Sincecalcium glycolatehaslarge alkoxy ligands,
its solution is more stableat ambienttemperature
thanothercommonCaalkoxides.

Acetic acid playsimportantrolesin obtaininga
transparentgel andstablesolutionsin the calcium
glycolate–H3PO4

. and the calcium glycolate–
PO(OH)x(OEt)3ÿx systems becauseHOAc can
modify the Ca glycolate species, increase the
acidity in the mixtures and retard the reactions
between Ca glycolate and either H3PO4 or
PO(OH)x(OEt)3ÿx.

A transparentgelcanbeformedfrom themixture
of thecalciumglycolateandH3PO4 in a Ca/Pratio
of 1.67 when the mixture containsan HOAc/Ca
ratio of 6 and is not further stirred just after the
additionof H3PO4.

Different calciumphosphatecompoundscanbe
formed easily from the solutionsof the calcium
glycolateandPO(OH)x(OEt)3ÿx with anHOAc/Ca
ratio of 3 andcorrespondingCa/Pratios.

Fromastablesolutionobtainedfrom thecalcium
glycolateandPO(OH)x(OEt)3ÿx with a HAOC/Ca
ratio of 3 anda Ca/Pratio of 1.67,hydroxyapatite
coatingsonaluminasubstratescanbepreparedby a
dippingmethod.Theresultingcoatingshowsapure
hydroxyapatitephaseanda goodadhesivestrength
of 10� 2.8MPa.
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