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CllaplerIGet-eralt■11roduclio】1

GENERALINTRODUCTION

1.1.ImtrodlICtion

Inrecentyears,atOPICOfglobalenvironmentalissueshasbeenattractlngmuCh

attentionallovertheworld:destruCtionoftheozonelayer,globalwarmlng,aCidrain,

and environmentalendocrine disruPtOrS･In order to check the spread of these

environmentalproblems,Wehavetoendeavortopreparefunctionalmaterialswithout

usinghazardousreagentsandgeneratingharmfu1substances･

Titanium dioxide(TiO2),One Ofthe use魚11functionalmaterials,is apotential

compoundusedasphotocatalystandelectrodeofdye-SenSitizedelectrochemicalce11in

additiontoclassicaluseoflight-SCatterlngParticlessuchaswhitepaint･Formanyof

theseapplications,TiO2isusedintheformofcoatlngfilm･Itiswellknownthata

soI-gelprocesslnglSqu-teSuitablefbrcoatll-gOXidenlms･Thesol-gelteclmiqueisone

oftheconventionalmethodstoprepareceramicsinvariousformssuchaspowders,

nbersand丘Ims,andrequlreSlessequlPmentCOmParedtoothertechniquessuchas

vaporphasemethodsthatneedhighvacuumcondition･Inparticular,a丘Imwith

nanometerthicknesscanbeveryeasilypreparedbydipandspincoatlngmethod･Metal

alkoxidesarecommonlyusedastheimportantStartingmaterials,andthequalityofthe

丘1msstronglydependsonthestabilityofthealkoxides･Generallythealkoxidesother

thanthoseofsiliconareveryreactivetowater,andsometimesorganicligandsmustbe

appliedtostabilizethealkoxide-derivedsoIs･Titaniumalkoxidesasafamousstartlng

materialofTiO2aretheverycase,SOthattheyareusedinorganicsoIvents･

Thisstudyfbcusesonthedevelopmentofconcentrated,aqueOuStitaniumsolutions

without containlng
halogens,alkaline cationsand organic chelatlngligands･As

applicationsofthesesolutions,thepreparationofTiO2nlmsbysol-gelmethod,andthe

effectofphotoirradiationtothegel丘Imsaredescribed･lnthischapter,theoutlineof

oxidesoftitanium,eSpeCiallyTiO2andlayeredtitanates,andtheuseofchelating



ChapterlGeneralIntroduction

ligandsasastabilizeroftitaniumisopropoxidearedescribedbasedmainlyonour

reportedresults･Aqueoustitaniumsolutionsthathavebeenreportedsofararealso

outlinedanddiscussedinviewsofsol-gelteclmique.

1.2.GeneralAspectsofTitaniumandTitaniumDioxide

Titaniumisoneoftherelativelyabundantelementsintheearth'scrust(0･44%,the

9thelementinClarkenumber),andiswidelyusedinaerospace,industrial,marineand

commercialapplications･Thesedays,titaniummetalisproducedbyaseriesofchemical

processes･ThemostpopularproductionprocessfortitaniumisKrollprocess,lnWhich

magnesiumisthereducingagent:l,2

TiCl4+2Mg→Ti+MgCl2(atl1800C)

TheoxideTi02hastwomaincrystalmodifications,anataSe(lowtemperatureform,

tetragonal)andrutiie(hightemperaturefbrm,tetragOnal)…thefbrmertransformstothe

latterarOund9000C.BothanataSeandrutilearechemicallyverystableand,hence,

almostnon-tOXIC,havingtheimportantandinterestingproperties,aSShowninTbblel･

1.

Thblel.1.PropertiesofimportanttwoformSOftitaniumdioxide･3

Anatase Rutile

Crystalform

Density

Refractiveindex

Mohs,hardness

Dielectricconstant

Bandgap

Tbtragonal(CCPOXide)

3.90

2.52(2.5612,2･4880)

5.5to6.0

48

3.2(380nm)

Tbtragonal(hcpoxide)

4.27

2.71(2.6124,2.8993)

7.Oto7.5

110-117

3.0(400nm)

Rutilehasthehighestrefractiveindexamongthetransparentmaterialsand

relativelyhigherhardness･Becauseofthehighre丘activeindex,thehardnessand

2



ChapterlGeneralTntroduction

chemicalstability,ithasvarioususesascoatings(Paint),COSmetics,PaPerCOatings,

paper丘11ers,fi1lersofplasticandrubber,andceramics･Thus,269thousandtonsofTiO2

areproducedinJapanin1999fromilmenite(FeTiO3)andrutileasrawmaterials･

TitaniummetalisnotsuitableforarawmaterialofTiO2,becausetheproductionof

titaniumrequlreShighenergyasdescribedabove･

TiO2behaves asann-tyPe Semiconductor and absorbs UV-1ight(With the

wavelengthshorterthanabout400nm)togenerateelectronsandenergeticholesinthe

bulkofcrystal,aSShowninFig･1･1･ThelattercanmlgratetOCryStalsurfaceand

oxidizereductantSadsorbedonthesurface.Owingtothisphotoelectrochemicalproperty,

TiO2isusedasself･Cleaning(SOil-PrOOf),anti-bacterialorairpurifyingmaterials･4since

theorganiccompounds,beingadsorbedontheoxidesurfaceandmakingithydrophobic,

canbeefftctivelyeliminatedbyUVlightillumination,thehydrophilicpropertythatthe

nativeoxidesurfaceshouldhavehadcanbequicklyrecoveredbytheUVillumination･

ThusTiO2COatingscanbeappliedtothewindowsordoormirrorsofautomobiles,for

examPie,aSanti-fogglngOrhydrophiliccoatings･4

l
虐
l
u
¢
1
0
d

Redox

POtehtia)

Redox

Fig･1･1･EnergydiagramsofTiO2･

3



ChapterlGeneralIntroduction

1.3.LayeredTitanatcs

Anumberoflayeredmaterialshavebeenfoundandsynthesizedinthe･systemOf

silicates,titanateandniobates･5,6sincetheirinterlayerspacesareavailableasareaction

site,theselayeredmetallatescanbeappliedtoanion-eXChangerandphotocatalyst･

Layeredtitanatesareofveryattractiveprospectduetothelowcost,enVironmental

acceptability,Chemicalstability,andphotochemicalproperties･

Alkali-metaltitanateCOmPOundscanbeexpressedsuchasM20･TiO2(M:alkali

metal),andparticularlyK20･nTi02isoneofthemostusefulindustri?1materials,Which

aremainlyusedintheformOfwhiskerandareappliedtoheatinsulator,reinforcement

ofplastics,andfrictionmaterialsinplaceofasbestos･

In1981,Hervieuand Raveaureported a series ofnonstoichiometriclayered

titanates,AxTi2_X/4□x/.0.･H20(A=Li-CsorH,X=0･67-0･73,□indicatesvacantTi

sites)withalepidocrocite-1ikestructure･7Inthepastfewyears,Sasakiandco-WOrkers

preparedandcharacterizedaprotonatedandexfoliatedformofCsxTi(2-X/4)ロx/404･The

proton-eXChangedformHxTi(2-X/4)□xJ404･H20swellsandthendelaminatesinaqueous

solutioncontainingtetrabutylammoniumhydroxide(TBAOH)･8,9Thiscanberegarded

asastableco1loidalsuspensionoftitaniananosheetorlayeredprotonictitanate･

AtypICalpreparationmethodofthetitaniananosheetisi11ustratedinFig･1･2･10

Generally,COlloidallayeredtitanateshavebeensynthesizedbyamultistepprocess,that

is,SOlid-Phasereaction,10n-eXChange,anddelamination･First,1ayeredCsxTi(2-X/4)Dx/404

(□:VaCanCy)wassynthesizedbythesolid-PhasereactionofTiO2WithCsCO3･Second,

anion-eXChangereaCtionofCs+withH+forafewdaystoglVeHxTi(2-X/4)□x/404･H20,

whichwas血a11yexfo1iatedbyTBAOH･Theresultantnanosheetsarethoughttohavea

compositionofTiト80248-･

4
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S nthesis

(at8000Cfor20h)

Ion-eXChange
H+ cs+

(Layered titanate with

lepidocrocitestructure)

Delamination

∴∴･.●･‥●･;二●
●●●一

.●∴二
Unilamellarcrystallitesof

titaniumoxide

TBAOH:tetrabutylammoniumnydroxide
l

Fig.1.2.Typicalpreparationmethodoftitaniananosheet･

Itiskn0wnthatachargedensityofalayeredcompoundrelatestotheabilityof

delamination.Thblel.2showstheseveralpropertiesoflayeredprotonictitanateS,11and

thestruCtureSareShowninFig.1.3.12Asclearlyseen,HxTi2-X/4□xJ404･H20(X=0･7)has

lowestnegativechargedensityofthetitanateS,andlayeredzirconiumphosphatesand

micashavevaluesrangingfroml/24tol/10Å-2･ItissuggestedthatHxTi2-X/4口xAO4･

H20iseasilydelaminatedbycations･

5
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Tbblel.2.Protoniclayeredtitanates･11

Layeredprotonictitanates Interlayerspaclng Chargedensity

(Å) (Åう

HxTi2_X/4□x/404･H20(X=0.7)

H2Ti307

H2Ti409･1.2H20

H2Ti5011･3H20

9.4

7.9

9.1

10.4

1/32.2

1/17.2

1/22.5

1/28.2

#Calculatedas(2ac)/xforHxTi2.x/4Dx/404･H20,and(bc)/2fortheothers･

Sasoki.Telal,C最冊.人血他:19邦,β,3,777･7氾.

.
ハ
ノ
.
｢

裏童‥壷lヨ感套
00Q-Q 00

~ニ=t_毒__琴

Figur01･Schem8ti‥epreSentitiono【c画al由ucture5払rthelayeredprotoni…Xide9:(小Ople氏)E鵡0丁(tdtitanaヒe沌

toprigb㈹孤OI･1肪0(t合一r如i血a軌く…ot也ml摘)=鵡Oll･抽0(pentaぬnate)･(dtb仙mdght)即i川口品･瑚
(Ⅰ叩idoα∝ite･血ねdtilmate)･neunit亡ell5(enclo5edbyb【Oken払出厄C血…n血dmon∝血i沌r即肌H机恥1･2HtO

andfも鞠Otl･3E望0,8ndbdy･een如do血orhombi沌一札Ti州払104職0･Circle5姐d8mWSdeno七城0(0硝0りandpo油血8
0rhydr叩ktedpro帆r叩Ctively･ln耶JOT･anOther叫ivalentorprotonsbes撫indicatQdoneg(t¢一皿inalhydroxyk)iま
situatedintheintモーlayerさpさCe･

Fig･1･3･Schematici11ustrationoflayeredprotonictitanates･12

6



ChapterlGenerallntroduction

1.3.1.Ion-eXChangeofHxTi2-X/4□x/404･H20

Vおiousmetalandorganiccationswereincorporatedintothelayeredtitanateby

ion-eXChange reaCtion･Since homogeneous co1loidalsuspension was obtained by

treatmentwithTBAOHorethylamine,ionexchangereactioncanbecarriedoutinthe

formOfthe丘1mpreparedbysplnCOatlng･FurthermOre,theionexchangeofexfoliated

layeredtitanatewithlargercationsisconsideredtobeeasierthanthatofthepristine

layeredtitanate.Thedvalueofthe(020)diffractionofthepowder,COatedthin五1mand

ion-eXChangeOfHo.68Til.83□0.1704Withvariousaqueouschloridesolutions,andthe

extentoftheion-eXChangeissummarizedinThblel･3･13

Thermalstabilityoftheion-eXChangedthin丘1mhasbeenexamined･Generally,the

proton-eXChangedformsofthelayeredcompoundsarenotthermallystable･Thelayer

struCtureOftheA13+-eXChangedthin丘1m,forinstance,WaSfoundtohaveco11apsedon

calcinationbecausetheA13+intheinterlayerspaceisconvertedtoaluminumoxide,and

thelayerwasconvertedtoamOrPhousTiO2･TheCs+-eXChangedthin丘Imhadhighest

thermalstabilityinlもblel･3･

Thblel.3.Thedvalueofthe(020)di緻actionofthepowder,COatedthin丘Imand

ion-eXChangeofHo.68Til.83□0.1704Withvariousaqueouschloridesolutions,andthe

extentoftheion-eXChange･11,13,14

Interlayer dvalueof Thermal

Cation (020)/rm stability/OC

Interlayer dvalueof Thermal

Cation (020)/nm stability/OC

H+(68%)

Li+(70%)

Na+(70%)

K+(70%)

Rb+(70%)

Cs+(70%)

A13+(76%)

Co2+(82%)

0.94
～200*

0.93

0.89

0.90

0.86

0.88 600

1.25 <300

1.13 <300

+(75%) 1.05

Cu2+(80%) 0.92

Ni2+ 1.15

C2H5NH3+ 0.96

TBA+ 1.75

C8-NH3+ 2.31

C12-NH3+ 2.47

C18-NH3+ 3.59

<300

<300

400

200

200

*intheformOfpowder

7



ChapterlGeneralIntroduction

1･3･2･Organic-InorganicNanocomposites

LayeredNanocompositesarematerialsgenerallycomprisedofanorganicpolymer

incorporatedbetweensheetsofaninorganichost･Awiderangeofpolymersandhosts

havebeencombinedtoformnanocompositestructures,andnanostructuredmaterials

havebeen showntO eXhibitnovel,andteclmologlCallyusefu1,meChanical,OPtical,

electrical,andbarrierproperties･15,16sofar,aluminosilicatesmectiteclayssuchas

montmorillonite and hectorite,MoO3,V205have
been used as a host,While

poly(ethyleneoxide),PEO,andpoly(Vinylpyrrolidone),PVPwereincorporatedasa

organicpolymer･17-25sukpirom andLernerrePOrtedthatPEO andPVP couldbe

incorporatedbetweenHxTi2-XA□xJ404titanatelayerswithinterlayerdistanCeOfl･49and

2.88nm,reSPeCtively･26These elementalanalyses gave empiricalformulas of

Ho.7Til.8304(C2H40)1.54(H20)1.28andHo.7Til.8304(C16H36N)0.05(C6H9NO)1.22(H20)0.92

forthePEOandPVPnanocomposites,reSPeCtively･

Moreover,Sasakietal･rePOrtedlayer-by-1ayerassemblyofthetitanateSheet/

polydial1yidimethylammOnium(PDDA)composite丘1ms･27,28These丘1ms
were

obtainedbyalternatelydipplngaSubstrateinacolloidalsuspensionofthetitania

nanosheets and PDDA solution.Thermalor photocatalytic decomposition of

polycationsinthenanOSheetga11erywas achievedbyheatlngtO4000C orUV

irradiation,reSPeCtively･ThenanOSheetarchitecturecoll叩Seduponheatlngat5000Cor

higher,yieldingultrathin丘1msofTiO2(anataseandthenrutile)･

1.3.3.PreparationandOpticalPropertyofThinFilmsoftheLayeredTitanate

Theexfo1iationofthelayeredtitanateHxTi2-X/4ロx/404･H20isalsopossiblebythe

useofaqueousethylaminesolutioninsteadofTBAOH･Byuslngthesesuspensions,the

exfoliated titanate sheets were easily oriented
on glass plate by spln-COating and

Langmuir-Blodgett(LB)teclmique･29Ethylammoniumioninthetitanate丘1mcanbe

decomposedbyUV-irradiation,becausethehostlayeroftitanatehasthephotocatalytic

abilityfortheoxidationoforganicmaterials･14TheabsorptlOnOfnanosheetsofTil-

80248-wasblueshifted(>1･4eV)relativetothebandedgeforbulkTiO2,Whichis

attributedtosizequantizationefftcts･30

8
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1･3･4･PillaredLayeredTitanates

Thepillaringoflayeredcompoundsbyinorganicmolecularclustersornano-SOIs

O飴rsapromlSlngmeanSOffabricatingporousmaterialswithzeoliticproperties･3ト35By

usingthelayeredtitanateHxTi2-X/4口x/404･H20(X=0･7),SiO2-andTiO2-Pillaredlayered

titanateweresuccessfullysynthesized･36,37IonexchangeoftheHionsintheinterlayer

toTBA+orn-CnH2n･1NH3+(n=8,12,18),eXPandedtheinterlayerspace,andenabled

intercalationoftetraethylorthosilicate(TEOS)orTiO2nanO-SOlthatwaspreparedfrom

the TIP-aCaC-HNO3 SyStem(acacH:aCetylacetone).Thelayered struCture Of

SiO2-Pillaredthin丘1mwascon蝕medtostableupto5000C･Ontheotherhand,

TiO2-Pillaredlayeredtitanateshowedapillarheightof～2nmwithahighsurfacearea

of～460m2/gandaporesizeof～0･95nm･Moreoveりhepillaredtitanatehadexce11ent

Photocatalyticactivity,andanenhancementofinactivityofca.170%wasobtained

COmParedtothatofthepristinelayeredcesiumtitanate,CsxTi2_X/4□xAO4.

1.4.Sol-GelProcesslng

Sol-gelprocessdefinesastheproductionofinorganicoxides,eitherfromcolloidal

dispersionor丘ommetalalkoxides.Howevernitridesandsulndesthathavebeenused

recentlyinthesynthesisofhybridorganic-inorganicmaterialsarealsoincludedinthe

PrOCeSS.Metalsaltssuchasacetatesandnitratesarealsousedinthesamemanneras

alkoxides･Sol-gelprocesslngCanPrOVideavarietyofformS:POWders,Bbers,mOnOliths,

andcoatings･Oxide丘1mscanbeexpectedtohaveexce11entpropertiesdi飴rentfrom

bulkform･ForinstanCe,OneOftheinterestingfunctionsisconsideredtobeopticalones,

becauseOXidesaretranSParenttOVisiblelight･Theycanalsobeusedtoprotecta

Substrateagainstcorrosion,abrasion,OrSCratCh,andbeusedforchemicaldurability,

alkaliresistance,meChanicalcontrol,reflectivity control,COloring,and electrical

COnduction･38sofar,therearemanycoatlngteClmiques,andthetypICalexamplesare

illustratedinFig･1･4･Comparedtoconventionalthin鎖1mform1ngPrOCeSSeSSuChas

CVD,eV叩Oration or sputtering,SOl-gel丘1mformationrequlreS COnSiderablyless

equlPmentandispotentiallylessexpensive･Thesol-gelmethodo飴rsmanyother

advantages:

1･IntimatemlXlng,atthemolecularlevel,Ofthestartingmaterialsresultinglna

9



ChapterlGeneralIntroduction

highdegreeofhomogeneltyeVenformulticomponentsystems.

LowprocesslngtemPeraturethatallowstheuseofvolatilecomponentsand

avoidstheformationofundesiredphases･

3.Dopants,eVenattraCelevel,Canbeintroducedwithrelativeease.

4･Easya4justmentoftheviscosity,andtherebythethicknesspercoating,by

adequatechoiceofthesoIvent,Chelatingorganicligands,COnCentration,etC.

5･LargeareacoatlngSOfdesiredthicknessandcompositioncanbeobtained.

6･Inorganic-Organichybridsand/orcompositescanbeprepared･

Ontheotherhand,the greatestlimitationtothe synthesis ofceramicsby sol-gel

PrOCeSSlnglSCOStOftheprecursors,andespeciallythatofalkoxides.Residualcarbon

andhydroxylsinnnalmaterialssometimescausesproblemsthatinnuencedtheiroptlCal

andelectricalproperties･Moreover,healthhazardsbyorganicsolutionsshouldbenoted

becauseorganicsoIventsaremainlyusedinsol-gelprocesslng･

1･4･1･DipCoating

Dip coating can be dividedinto丘ve stages:immersion,Start-uP,deposition,

drainage,andevaporation･39whentheliquidviscosity(q)andsubstratespeed(tDare

highenoughtolowerthecurvatureofthemeniscus,thenthedeposited丘1mthickness

(h)isthethicknessthatbalancestheviscousdrag(∝qU/h)andgravityforce(躇h):

力=C(岬鹿)1佗

Wheretheproportionalityconstant,CisaboutO･8forNewtonian1iquids･Asclearlyseen,

themmthicknessisvariedproportionallytothesquarerootofthesoIviscosity･Inorder

tocontrolthefi1mthickness,therefore,thesoIstability,eSPeCia11ylntheviscosity,1S

Slgni丘cant･Ⅵ)1atility ofthe soIventinthe solis alsoimportant althoughitis not

includedintheequation.SpecialattentionshouldbepaidtovolatilesoIventssuchas

alcohoIsbecausethesoIconcentrationtends,tOChangeduringcoatingoperation.Onthe

Otherhand,inthecaseoflowvolatilitysoIventssuchaswater,thedip-COatedliquidr

(gel)fi1mbecomesmorefluidwithincreasingthickness.Therefore,inordertodepress

thenuidity,higherconcentrationofthesolandlowerwithdrawalspeedarerequired.

10
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1･4･2･SpinCoating

Spin coatingis dividedintofour stages:deposition,SPln-uP,SPln-0ff;and

evaporation･39Thethicknessofaninitiallyuniformmmduringspln-0ffisdescribedby:

坤)=毎/(1+4/)の2力｡2J/3が/2

Wherehoistheinitialthickness,tistime,anda,istheangularveloclty:Pand q

assumedconstant.

EBE:ElectronBeamEvaporation

MBE:MolecularBeamEpitaxy

ID:IonizationDeposition

t-CVD:ThermalCVD

p-CVD:P]asmaCVD

Figurel.4.Coatingteclmiques.

MOCVD‥MetalorganicChemicalⅥlPOrDeposition

LPE:LiquidPhaseEpitaxy

LB:LangmuirB)odgett

LPD:LiquidPhaseDeposition

ll
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1.5.UseofChelateLigandsasaStabilizerofMetalAlkoxidesinViewsofSol-Gcl

l七cbnique

Sol-gelteclmiqueincludingdiporsplnCOatinglSOneOftheinterestinganduseful

preparationmethodstoconventionallyobtainuniformthinoxide丘1ms･39-42Themetal

alkoxidesareCOmmOnlyusedastheimportantStartingmaterials･43However,OWlngtO

theirhighreactivity,SOmemOdifiersorstabilizershavebeenusedtostabilizethesoIs

derivedfromthealkoxides.ThestabilityofstartingsoIsisoneofkeyfactorsforthe

processtobeusefulespeciallyfortheindustrialqpplication･Sofar,SOmeChelating

agentssuchasβ-diketones,44-50glycoIs,51-53alkanOlamines54-66andsoon67-71havebeen

extensivelyusedasthestabilizers,andtheselectionofchelatingagentsaf托ctsthesoI

stability,thephotosensitizationofthegel丘1mandthecrystallizationtemperatureofthe

oxide丘1m.

Thechemicalmodi丘ersorchelatesshouldsatisfythefo1lowlngCOnditionsinorder

tobeusefu1:

(1)Theyhaveasuitableinteractionwiththealkoxidestocontrolthenumberofthe

activealkoxygroups(functionality)and,ifpossible,theirstericconformation,

(2)Theyhavealowboilingpointandcanbeeasilydecomposedoroxidizedat

moderatetemperatures,and

(3)TheyareeaSilyavailablewithlowpriceandnon-tOXic･

LowerlngthefiringtemperaturesisanOtherimportantfactorsforthecoating

processestobemoreuseful･Therefbre,itisaverylmPOrtantSuqeCttOdevelopmore

suitablemodifiersgenera11y.applicabletovariousslngleandmixedalkoxidesystems･

SomeoforganicligandsoRenusedinsol-gelprocesslngareShowninFig･1･5･

Acetylacetone(acacH)withalowboilingpointreactseasilywithalkoxidestogive

correspondingacetylacetonatocomplexes,andalmostfu岨1stheaboverequlrementS･

However,thecomplexes,inparticularbis-Ortris-(acetylacetonato)derivatives,are

sometimesstableenoughtobevaporizedathighertemperatures,721eadingtothe

stoichiometrydeviationsfromthenominalstartingcompositionon餌ngthegel丘1ms

ofmixedoxides.

Alkanolamines,eSPeCia11ydiethanolamine(DEA)andtriethanolamine(TEA)are

useful,becausetheycanefftctivelystabilizevariousalkoxidesandyielduniform丘1ms

ofsimpleoxidessuchasIn203,56sno2,57TiO258,59andmixedoxidessuchas

12
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Al2MgO4,61ITO,56pzT62andLiTbO363丘omthestabilizedsolutions･Moreoverthey

promotethedissolutionofmetallicacetatesintoalcoholicsoIventstoenablethe

preparationofthe丘ImsofZnO,64ITO65andPZT66･Itisknownthatthealkanolamines

canstronglyinteractwithtransitionmetalionstoformthecorrespondingchelate

compoundsinalcohoIs,67andalsothatthealcoholicexchangereactionwiththe

alkoxidescanyieldthestablecompoundswithchelatesthroughO-M-OandO-M-N

b｡nds68,69.Themultifunctionalstructures(0-HbondsandstronglycoordinatingN

atom)playasubstantialroleintheirstabilizatione飴ctofthealkoxides･However,these

alkanolamineshasanunaVOidabledemeritoftheboilingpointsaround2500Corhigher

whichmaysuppressthelowtemperaturecrystallizationofcoatedoxidefilmsandleave

heavycarbonaceousimpurityinthefi1msonnringofthegel丘1ms･

Recently,WeeXaminedthee脆ctofsomeiminecompoundsonthestabilizationof

2-PrOPanOIsolutionsofTi(OPrt)4(TIP)･Theycanbederivedbyanin-Situreaction

betweenanα-hydroxyketone(acetoloracetoin)andmonoethanolamine(MEA)inthe

presenceofthealkoxideaccordingtothefo1lowlngequation:

HOCH(R)COCH,+H2NCH2CH20H→HOCH(R)C(CH3)=NCH2CH20H+H20

(R=H,aCetOl;R=CH3,aCetOin)

Theorganicproducts,namelyimines,haveasameChainunitasthatofDEA･Incontrast

totheDEA,however,thederivativescontainaC=Nbondthatcanhydrolytically

dissociateathighertemperaturestoregenerateMEA(bp･170･80C),Whichismore

volatilethanDEA.Therefore,thisiminetypeofligandsmightbeeliminatedmore

e飴ctivelythanDEAduringthefiringofgel創ms,SuggeStingthattheyhaveanideal

property as stabilizersfor alkoxide-based
dip-COating process･The results are

summarizedinTbblel.4,WhichliststhemolarratiosoftheadditivestoTIllthetotal

molarratiosofwaterwhichcanbeaddedtotheTIPsolutionstabilizedbytheadditives

ofaglVenmOlarratiostoTIPwithoutanygelationorprecipitation,aSWe11asthe

refractiveindexandrutilecontentsofthe丘1mspreparedat6000Conglassplatesfrom

these solutions.The resultsforDEA and acety1acetone
are addedfor comparison･

AlthoughMEAalonehasnopositivee飴ct,thecombinativeuseofMEAwiththe

13
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α-hydroxyketones can very efftctively stabilize the titanium alkoxide soIs
but

crystallizationtemperatureofthe丘1mremainedabout5000C,beingalmostcomparable

t｡DEA.Thismaybeduetothefactthattheimineshavejustthesamemainchainunit

as that ofDEA.Ⅵryinterestingly acetoland acetoin are more efftctive
than

acetylacetone,COmParabletothatobtainedinthecaseofDEA･ThesesoIsystemshave

atendencytoaffbrdrutile-COntalnlng丘Imswithhigherrefractiveindex･Theimines

whichhavetheC=Nbondinthemoleculecanbephotochemicallyexcitedwiththe

irradiationofUV-1ight,1eadingtophoto-PattemlngOfthegelnlmsformed丘omthe

imine-StabilizedsoIsasdescribedlater.

Thblel.4.TheefftctsofacombinativeuseofthehydroxyketoneswithMEAonthe

stabilizationofO.5MTi(OPri).2-PrOPanOIsolutionsandthepropertiesofTiO2films

dip-COatedat6000Cfromeachsolution･

Molar Molarratio TbtalH20molar Refractiveindex

Hydroxyketone ratioto ofMEAto ratiotoTTIPfbr oftheTiO2Ⅲm Rutilecontent

TTIP TTIP gelation* (for600nmlight) /%

<2(ppt) (Powderyfilm)

2 <2(ppt) (Powderynlm)

Acetol

Acetoin

1 1

2 2

1 1

2 2

Ac吋1acetone l 1

2 2

1

*Thewatergenerated bythein-Situreaction betweenthecarbonylcompounds

aminesisnotincludedinthemolarratio･

#Diethanolamine:thisrunisaddedforcomparisonwithothersystems･

‡GelationtakesplacebeforeH20addition･

14

withthe



ChapterlGeneralIntroductioI一

Itwasofourgreatinterestthatwefoundthat･theα-hydroxyketonesthemselves,

namelywithoutMEA,alreadycouldstronglystabilizethe2-PrOPanOIsolutionsofTIP,

asshowninThblel.5.Whenacetoinwasaddedtothealkoxidesolutioninthemolar

ratioofacetoin/TIP=2,alargeexcessamountofwatercanbeaddedtothesolution

withoutany gelation or precipitation･Its sol-Stabilization efftctis
much more

remarkablethanaCetylacetonethathasbeenusedasanexcellentstabilizersofar･

Thblel.5.TheefftctsofthehydroxyketonesonthestabilizationofO･5MTi(OPrl)4

2-PrOPanOIsolutionsandthepropertiesofTiO2丘1msdip-COatedat6000C丘omeach

solution.

TbtalH20molar Refractiveindexof Rutile

Hydroxyketone Molarratioto ratiotoTTIPfor theTiO2丘1m Content

TTIP gelation (for600nmlight)(%)

Acetol 1 ≦2

2 ≦4

Acetoin 1 ≦4

2 >40

Acetylacetone* 1

2

*SincetheenolformCanberegardedas β-hydroxyketone,itwasincludedinthistable･
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α-Hydroxyketone$ α-Diketone$

0 0日

ニーく
acet0l

=_=-
=一ニ

acetoin diacetyl

AIkanolamine

H3-nNぐ1H)n

RlヰN/1H
iminederivative$

n=1monoethanolamine

(MEA)

n=2diethan01amine

(DEA)

n=3trio仙anoIamine

(TEA)

〔:H:〕
㌢ぺ

diiminederivatives

β-Diketones

/侵acetyIacetone
(acac,enOトform)

Figurel･5･StruCtureSOfthechelatingligandsusedinthisstudy･
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1.5.l.PropertiesofTiO2ThinFilmsPreparedbySol-GelTbchniquc

sofar,manySOIsystemsforTiO2COatinghavebeenreported･Typicalexamplesare

listedinThblel.6,tOgetherwiththerutileformationtemperaturesthatarevery

importanttocontrolthephysicalpropertiesofthecoatednlms･Itisclearlyseen丘om

Thblel.6thatawiderangeofstartingmaterialsfromsimpleinorganicsaltstothe

alkoxideshavebeenselected,andthatthealkoxidesaremodifiedbysomechelating

compoundssuchascarboxylicacids,dioIs,aCetylacetoneandethanolamines･These

compoundsareextensivelyusedasthestabilizersforotheralkoxides,tOO･Hereitis

noteworthythatwhichthecrystalformofdepositedTiO2StrOnglydependsonthesoI

systemormodiners･Amongtheorganicmodiners,diethanolamineyieldsrutileatthe

lowesttemperature･

Thblel.6.TypicalexamplesofthesoIsusedforthedip-OrSPln-COatingofTiO2mmS･

SoIcomposition

HydrosolfromTiO(SO4)

HydrosolfromAlkoxide+Acid

¶C14+HCl+H20

Ti(OEt)4+H20inair

Ti(OEt)4+HCl+H20

Ti(OPri)4+H20(Spin-COating)

Ti(OPrt)4+HCl+H20

¶(OBuり4+HCl+H20

Ti(OPri).+CH3COOH+H20(Spin-Coating)

Ti(OPrl)4+DioIsetc･+H20

Ti(acac)2(OR)2+H20

Ti(OPri)4+(HOCH2CH2)2NH(DEA)+H20

Ti(OPrl).+acetoin+HOCH2CH2NH2(MEA)

17

Rutileformationtemp･ Ref

(OC)

r.t.

Around350

250

Around800

>800

>=800

>800-900

>800

Around600

650
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These血dingsstronglysuggestthattherutilefbrmationwasduetotheligands

withmuchcarboncontent.Thistypeofligandsleavescarbonaceousimpuritiesinthe

丘1ms orpowders onthethermaldecomposition･Theimpurities mayretardthe

crysta11izationandsubsequentcrystalgrowth･And,thesmallcrystallitesizeofthe

formedTiO2mayaCCeleratethetransformationtorutile･

Thecarbonaceousimpuritycanalsoworkasastrongreducingagentfortitanium

speciesathighertemperatures･Thereducingpropertyoforganicspecieswouldinduce

theoxygende丘ciencyintitaniumdioxide,throughwhichthetransformationtorutile

wouldbeenhanced.IthasbeenreportedthatoxygenvacanciesintroducedtoTiO2

1atticebyaheattreatmentunderareducingatmosphere,Sayhydrogen,aCCeleratethe

crystalgrowth88andthetransformationfromanatasetorutile･88,89

l.5.2.EffbctofUV-irradiationontheGelFilmsPrcparedfromChclate-Stabilized

MetalAlkoxideSoIs

uv-irradiationofgel丘1msbeforeheat-treatmentCauSeSSOmeinterestinge飴cts･

Themainroleofphoto-irradiationisthoughttobreakmetal-Chelatebondsinthegel

丘1ms,andtoacceleratethecondensationtodevelopM-0-M(M:metal)networks,

whichmightmakethe丘1minsolubleintheparentsoIvent･Byuslngthisdifftrencein

solubility,Patterned丘1ms
can be obtained･Furthermore･aS

a reSult ofthe

decompositionoforganicchelates,thecrystallizationcaneasilyoccuratlower

temperatures･Here,efftctofphotoirradiationtothegel丘1mspreparedfromTIPand

zirconiumn-tetrabutoxide(ZNB)soIsstabilizedsomechelatingligandswasoutlined･

The e飴ct of the UV-1ightirradiation
to the gel丘Im preparedfrom

acetol-MEA-TTIPsystemontheTiO2CryStallizationisshowninFig･1･6astypical

examples･ThisFigurecomparativelyshowsXRDpro丘1esoftheTiO2丘1msnredat

diffbrenttemperatureSafteronlydryingortheadditionalexposuretoUV-1ight,Clearly

indicatingthattheUV-irradiated丘1miscomposedofcrystallineTiO2丘1mevenata

temperatureaslowas4000C,Whilenon-irradiatedonewascrystallizedaround5000C･

Therefore,thecrystallizationtemperatureCanbeloweredbyaboutlOOOCbythe

uv-irradiation.VerysimilarUV-efftctsweregenerallyobservedforthegelmms

preparednotonlyfromotheriminesystemsbutalsoeven丘omDEA-Stabilizedsolution･
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Moreover,itisnotablethatwiththephotoirradiationpureanataSe丘1mswere

obtainedfromchelate-Stabilizedsolutionatatemperatureashighas600to6500C,

whilerutilewasformedinthecasewithoutphotoirradiation･

TheUVirradiationef托ctwasfurthercon丘rmedbytheobservationofcrystallite

sizeofTiO2aSShowninThblel･7,WherethecrystallitesizesofTiO2丘1msprepared

丘omacetoin-MEA-TTIP(1:1:1)solutionafelisted･TheThbleclearlyindicatesthat

UV-irradiatione飴ctivelyassiststhecrystalgrowthofTiO2･

(.n.且｣曾suO盲Ⅰ

20 30 40 50 60 70

DiffractionAngle,20/deg･(CuKα)

Figurel･6･FiringtemperaturedependenceofXRDpatternSOftheslnglycoatedgel

丘1msfrom acetol-MEA-TTIP(1:1:1)solution and with and without subsequent

Photoirradiationtreatment･
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Tbblel.7.FiringtemperaturedependenceofthecrystallitesizesofTiO2丘1ms

prepared with and without photoirradiation
to the gel丘1ms derivedfrom

acetoin-MEA-TTIP(1:1:1)solution･

Anatasecrystallitesize/nm*

Firingtemperature/OC Noirradiation Photoirrdiated

400

500

600

650

*Thevalueintheparentheses

12

21

27

(15.5)

20

37

52

33

denotesthecrystallitesizeofrutilephase･

1.5.2.1.AbsorptionSpectraofChelate-StabilizedTiO2andZrO2GelFilms

TheabsorptionspectraoftheTiO2(Fig･1･7(a))andZrO2(Fig･1･7(b))gel丘1ms

preparedfromvarioussoIsonSiO2glassbeforephoto-irradiationareshowninFig･1･7･

TheTiO2gel丘1msabsorbedlightwiththewavelengthshorterthan500nmregardless

ofthechelatingligandsused,WhereastheZrO2gel丘1msabsorbedlightwiththe

wavelengthshorterthan250nmforthealkanolaminesystem,andwavelengthbelow

500nmfortheiminesystems･

Thealkoxide2-PrOPanOIsolutionhasastrongUVabsorptionband(入max=Ca･300

nm,S=1.2×103),aSSignabletoachargetranSfヒr(CT)ffomaligandorbitaltoa

d-Orbitaloftitanium atom.90,91The charge transfbr excitationis considered
to

commonlyplayafundamentalroleforthephoto-efftcts,butnottheexcitationincluding

n-bondsystem,becauseDEA-Stabilizedsystemswithout冗-bondsystemalsoreceive

verysimilarphoto-effbcts･Itschargetransftrmayweakentheligand-metalbondsand

helptheirdissociation･However,thelatter,namelytheexcitationbylightofalonger

wavelengthreg10n,SOmetimescannotbeignored･Thefactthatthe丘1msderivedfrom

acetoin-MEA-ZNB(2:2:1)weresensitizedbylightwiththewavelengthlongerthan350

nm,aSdescribedabove,maybeattributedthisexcitation･
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Figurel･7･Absorptionspectraof(a)theTiO2gelBlmsand(b)theZrO2thin五1ms

preparedonSiO2glassafterdryingatllOOCforlOmin･
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1.5.2.2.PatternlngOfTiO2andZrO2ThinFilms

ManystudiesonthepattemlngOfmetaloxide丘ImsuslngOrganicchelatessuchas

β-diketonesandalkanolamines92.97werereported･

lFirst,thegelfi1mwasdip-COatedontheglasssubstrate(COming,#7059)at2

cm/min,driedatllOOCforlOmin,andthenirradiatedbyUVlightthrougha丘1terand

aphotomaskasshowninFig･1･8･Theirradiationpowerdensitythroughthe丘1terwas

O.4W/cm2.A500Wsuperhigh-PreSSuremerCurylamPWaSuSedasaUVlightsource･

Afterirradiationfor60min,the unirradiated reglOn WaS remOVed byleachingln

2-PrOPanOl･Fina11y,the丘Imwasfiredat6000Cinairfbr30min･

FilterUV-31

(入>310nm)

Patternin

mask

Glasssubstrate

(COming7059)

Gelnlm

Fig･1･8･Schematicdiagramofexperimentalapparatususedforpattern1nginthis

Study.
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ItwasfbundthatalkanolaminessucllaSDEAandTEAwereefftctiveonlyfbrTiO2

films,While theimine derivatives such as diacetyl-MEA alld acetoin-MEA were

efftctive fbrboth TiO2and ZrO2丘lms,COmParable tothe results ofthe absorpt10n

SPeCtraOfthegel丘1ms.

Figurel.9showsatypICalexamPleofanSEMimageforapatternedZrO2thin

film,indicative of a precise pattern.Figurel.10shows EDX spectra of the

UV-irradiated(ZrO2)and the UV-unirradiated(glass)part,SuggeSting that the

unirradiatedpart ofthe ZrO2gel丘1m
was completely removed byleaching･The

Surfaceprofile(Fig.1.11)indicatedthatthewidthbetweenpatterned areasin ZrO2

丘1mswas20い∬1,andthethicknessofthepatterned丘lmwas50nm,COmparabletothat

Ofthe丘1mwithoutleaching.

廃車頑細碗■画㈱聯感触桜轡

欝

局長モー声量｢毒

Figurel.9.SEMimagethepatternedZrO2thinnlmfromtheZNB-diacetyl-MEA

(月=2,4)system.
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Sl l封

O

AI z

¢.5鵡 1品【悼 1_S性 2』l1 2.もB 】_加I

E▲■Fle堰〉′ノkeV

Figurel.10.EDXspectraof(a)irradiated-and(b)unirradiatedpartsinFig･7･

Figurel･11･Surfacepro丘1eofthepattemedZrO2thin創mprepared丘om

ZNB-diacetyl-MEA(R=2,4)system･
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l･6･Water-SOlubleTitaniumCompounds

Aqueoussolutionsmustbemorebenignfortheenvironmentandcanbemoresafbly

handledthanorganicsolutions･Howeve川anytransitionmetalswithhigherformal

OXidationstatessuchaselementsinGroups4and5arereadilyhydrolyzedtoglVe

insolublemetallicacids･InthecaseofTi4+,forinstance,thehydroJysISand

COndensationreactionreadilyoccursinthepresenceoftraceamountofwater.

句′如か由α〃♂Cb乃血那αJわ〟

TiX4 → Ti4+(aq)+ 4X-(aq)

川田20)6]4+→[叫H20)5(OH)]3･+

抑留〟g〃舶7㌢+血那

(r‥halideion)
…‥(1)

H+

叩田20)5(OH)]3十→ 叩恥0)4(OH)2]2･+H+

[Ti(H20)4(OH)2]2+→→Ti(OH)4→TiO(OH)2

2[叩20)5(OH)]3+→[叩20)50叩20)5】6++H20

J

TiO(OH)2

…‥(2)

…‥(3)

…‥(4)

…‥(5)

Titaniumioninwatercommonlyexistsastheaquacomplex[Ti(H20)6]4･,Whichis

StrOnglyhydrolyzedtoyieldtitanicacidTiO(OH)20wingtohighpositivecharge

densityofTi4+togiveahydroxocomplexortheinsolublepolymeroftitanylion(TiO+)

thatisinsolubleinanysoIvent･Tbkeepthesolutionstable,highlyacidicconditionis

requiredtoretardprotondissociationsteps((2)-(4)),Onthenotionofequilibrium.This

behavioriscommontothetransitionmetalswithhigherformaloxidationstates,

especiallytheelementsinGroups4and5･Theuseofchelatlngligandsisalso

applicabletoreducethehydrolysISrateduetoitschelateefrbct･Therefore,inorderto

ObtainstablesolutionsoftheelementsinGroups4and5,0nlyhighlyacidiccondition

Ortheuseofchelatingligandsseemstobeefrbctive.

Tbblel･8showssomeaqueoustitaniumcompoundsthatarecommercially

available,andotherwater-SOlubletitaniumcompoundsthathavebeenreponedare

listedinTbblel･9･Asdescribedabove,Chelatingligandsand′oracidicconditionseem

tobeessentialforstabletitanlumcompoundsthataresolubleinwater･Compounds

COntalnlnghalogensandsulfurarenotsuitableasthesta托1ngmaterialsforsol-gel
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methodbecauseofgeneratlngCOrrOSivehydrogenhalidesandSOxgasduringheat

treatment.Ammoniumsaltsarealsoprefbrabletoalkaliionderivatives,becausethe

latterwouldintroducethealkaliionswhentheywereusedforthepreparationof

titaniumbasedmixedoxides,forexample･Thechelateswouldsometimesretardthe

crystallizationbecausetheytendtoremaininthenlmathighertemperaturesdueto

theirstronglycoordinationtothetitaniumion･Accordingly,&eetitaniumcompounds,

namelythosewithoutchelatemodi丘cations,aremOreuSefu1･Inthese
respects,

…peroxotitanicacid"isthebestexampleofsuchfreetitaniumcompounds･However,1tS

solubilitytowaterseemstObesomewhatlimited(0･2toO･4M,almostneutral

solutions),98,99althoughthecompoundseemstobefurtherstabilizedbyasuitable

chelatingagentlOO-102asshowninTablel･8･AninterestlngCOmPOundwiththe

compositionTi4015P(C=3)4]2H12hasbeenreponedlO3,butitsstruCtureandpropenies

includingthesolubilitytowaterisunclear･Ahomogeneousconcentratedcolloidal

suspensioncontainingvery血e,CryStallineTiO2(anatase)isalsocommercially

available.104

Tal)1el.8.CommerciallyavailableaqueoustitaniumcompoundsandTiO2SOl･

Compounds

TiC14

pHofSolution

Stronglyacidic

Remarks

Containshalogen

岬H4)2[TiF6] Stronglyacidic Containshalogen

ー■■=…-‥---…………--…---一一‥‥-…--‥--‥…-‥--……--‥-……--…--‥-……‥--‥-‥…‥‥■…=

Ti(SO4)2,TiOSO4 Stronglyacidic Containssulfur lO5

印H4)2[TiO(0Ⅹ)2]･H20

E2[TiO(Ox)2】･2H20

(NH4)2[Ti(LA)2(OH)2]

([Ti(OPri)2(C6H1403N)2])

(NH4)8[Ti4(CA)4(02)4]
■■●-■----------一一-------------■●

TiO2

Ox2~:OXalate

~~…義iお~…~…~~~~■‖~~~
106

Slightlyacidic
lO5

Neutral
lO2

Slightlybasic Triethanolaminatocomplex
lO8

Peroxoderivatives lOO

■-●-…---‥-‥‥‥‥一一-‥-…--‥一-‥一‥---‥-‥-‥-‥‥‥-‥-‥‥--==

Acidic-neutralAnatase-dispersedsuspension
lO4

ion,LA2-:1actate ion,CA4-:Citrateion
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Thblel.9.Halogen-freeandwater-SOlubletitaniumcompounds･

Compounds ChelatingAgentUsed Reference

K2[Ti20(H3NC704)2(02)2]･5H20

K2[Ti(02)(EDTA)]･H20

K2[Ti(02)OHⅣm)]･3H20

¶4015[N(CH3)4]2H12

Ti(OBu)4-Choline

以Peroxotitanicacid叩

Dipicolininateion(H3NC704) 101

EDTAion

Nitrilotriactateion

(None)

(None)

Pone,butO22~ion)

Choline:(2-hydroxyethyl)trimethylammoniumhydroxide

1.7.ObjectiveandOrganizationoftheThesis

The organization ofthis thesisis shownin
Fig･1･12･This thesis aims at

developlngOfastableaqueoustitanatesolutionorsoIwithouthalogensandalkaline

cations,becauseitcanbeexpectedtobecomeanimportantStartingmaterialforTiO2

andothermixedoxidescontainlngtitanium･Furthermore,inordertosuppressCO2

generationduetocombustionoforganicchelatingligandsduringheatlng,thiswork

mainly deals with aqueous solutions without chelatingligands･Preparation and

charaCterization of concentrated,halogen一丘ee aqueous titanium solutionsis丘rst

discussedinChqpter2,thentheirapplicationsinChapters3and4･Thephotoirradiation

e飴ctofthelayeredtitanate丘Imbeforeheattreatmentisdescribedunderconsideration

oflow temperature deposition ofTiO2丘1ms･Severalaqueous titanate solutions

stabilizedbychelateswerepreparedandcharacterizedforacomparison(Chapter5)･

Concludingremarksandfutureperspectivesare血allydescribedinChapter6･
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Figurel･12･Organizationofthisthesis･
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SYNTⅡESISANI)CⅡARACTERIZATIONOF

tIALOGEN-FREE,TRANSPARENT,AQtJEOtJS

COI･LOIDALTITANATESOLUTIONSFROMTITANI

ALKOXIDE

TranSParent,aqueOuSCOlloidaltitanateSOlutionswerepreparedbyareaction

between titanium tetraisopropoxide and alkylamines or tetraalkylammonium

hydroxides･Thechemicalspeciescontainlngtitaniumatomswerefbundtobea

CO1loidalparticIe(15nm)withalayeredstructure.Theformationreactioncanbe

explainedasanacid-basereactionbetweentheaminesandtitanicacidderivedfrom

thealkoxidetoyieldammoniumtitanates･BoththebasicltyOftheaminesandthe

SizesofthecoIかgateacid(ammoniumcations)arecrucialfact｡,St｡detennine

Whethertheaqueoussolutionscanbeprepared･Similarly,aqueOuSOXOmetallate

SOlutionsofV,Nb,Ta,Al,SiandSnareeasilyprepared丘omcorresponding

alkoxides.

2.1.INTRODUCTION

Inrecentyears"aqueousI-solutionchernistrylSattraCtlnglnCreaSlnglntereStaS

awaytosynthesizecompoundsand/ormaterialswithoutorganicsoIventsinboth

inorganlClandorganic2nelds･Waterismoreeconomical,1esstoxicandeasierto

handlecomparedwithothersoIvents･Groups4and5metalionsplayasigniflcant

roleinceramics3,electrodevices4andcatalysts5･However,itisverydifncultto

Obtaintheaquacomplexesinwaterbecausetheyare
strong]yhydrolyzed to

insolubleoxospeciesduetotheirhighchargedenslty･Therefbre,ahighlyacidic

COnditionorchelationtothemetal】,6.9isrequiredtokeepthesolutionstable,SOthat

fewpapersrelatedtoaqueoussolutionsfreeofhalogenandchelatingIigandsare
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reported･10,11Therearetwopatentswhichreportedthepreparationofcolloidal

SOlutions,uSlng a reaCtion ofhydrate metaloxide or metalalkoxides with

quaternaryammoniumhydroxidesoraminesaspeptizers･12,13Thechemicalspecies

WereWrittenasacolloidalhydrousmetaloxide(e･g･hydrousstannicoxide).These

PatentS,however,didnotreportonthecolloidalsolutionscontainingtitaniumwith

aminesaspeptizers,Sincetheseinventionswerefocusedontin.

Ontheotherhand,aSalreadydescribedinChapterl,α-hydroxyketonesand

theiriminederivativessoefftctivelystabilizedtitaniumisopropoxidethatexcess

Water,inthemolarratiomorethan30,COuldbeaddedintothealcoholicsolution

WithoutanyoccurrenceofprecIPitationorgelation･Thisobservationpromptedus

tOtrytOPrePareaqueOuStitaniumsolutionsstabilizedbysuchtypeofmodi丘ers.

Inthischapter,thepreparationofconcentrated,halegen-freeaqueoustitanium

SOlutionsisinvestigated,andthefactorstocontrolthefbrmationofaqueous

SOlutions and the structure ofchemicalspeciesin the solutibn are discussed.

Furthermore,PreParationofaqueoussolutiopsderivedfrommetalalkoxides(VNb,

Ta,Al,SiandSn)issimilarlyexamined.

2.2.EXPERIMENTALSECTION

2･2･1･CbemicalReagents

Commercialextrapurereagents,aqueOuSSOlutionsofammonia(28%,NH3▼),

methylamine(40%,MeNH2),ethylamine(70%,EtNH2),dimethylamine(50%,

Me2NH),trimethylamine(30%,Me3N),and tetramethylammonium hydroxide

(15%,TMAOH)wereusedasreceivedfrom%koPureChemicalIndustries,Ltd.,

Osaka,Japan･t-Butylamine(t-BuNH2),diethylamine(Et2NH),triethylamine(Et3N),

Pyridine(C5H5N),tetraPrOPylammoniumbromide(TPABr)andNaOHwe,eals｡

used as receivedfrom W止o Pure ChemicalIndustries,Ltd･,Osaka,Japan･

Commercialextrapurereagents,aCetOinandacetol(TbkyoKaseiKogyo,Tbkyo,

Japan)and alkanolamines such as monoethanolamine(Wako Pure Chemical

Industries,Ltd･,Osaka,Japan)were also used as received.Titanium

tetraisopropoxide(Ti(OPrt)4:TIR Vhko Pure ChemicalIndustries,Ltd.,Osaka,

Japan)wasusedaRerdistillationunderreducedpressure･Aluminumisopropoxide

(Al(OPrt)3),tetraethylorthosilicate(Si(OEt)4,WakoPureChemicalIndustries,Ltd.,
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Osaka,Japan),Zirconiumtetra-n-t)utOXideinn-butanol(Zr(OBun)4,MitsuwaPure

ChemicalCo.,Osaka,Japan),Vanadium(V)triethoxideoxide(VO(OEt)3,5N),niobium

pentaethoxide(Nb(OEt)5,3N),tantalumpentaethoxide(Th(OEt)5,5〃,High
Purity

ChemicalCo.,Saitama,Japan)wereusedasreceived･Starmicacid,Whichwasobtained

byareactionofSnC14WithaqueousNH3,WaSuSedasatinsource･Alayeredtitanate,

H2Ti409WaS PrePared through anion-eXChange reaction of K2Ti409(Otsuka

ChemicalCo.Ltd.,Osaka,Japan)byHCl.

2.2.2.Characterizations

The chemicalspeciesin the solutions or precipitates were examined by

elementalanalysis(CHN
CORDER MT-6,Ybnako AnalyticalIpstruments Co･,

Kyoto,Japan),andthermogravimetricanddif托rentialthermalanalysis(TG-DTA,

Models DTA50and TGA50,Shimadzu,Kyoto,Japan)at a heating rate of

50C/minfromroomtemperatureto8000Cunderflowlngdryair･

Aqueous titanate solutions were examined also by electricalconductivity

(Twin Cond B-173,Horiba Ltd.,Kyoto,Japan),PH,dynamic､1ight scattering

(DLS-700,OtsukaElectronicsCo･Ltd･,Osaka,Japan),andRaman spectroscopy

(NR-1800,JASCOCo.,Tbkyo,Japan)･

Forthethin員1mspreparedfromthetitanate solutionsatroomtemperatur?,

XRDpatterns(ModelGeigerflex,RigakuCo･,Tbkyo,Japan)wererecordedusing

graphitemonochromatedCuKαradiationwithascannlngSPeedof20/minoverthe

20rangeof20-700.

2.2.3.Rcaction of TIPwithα-Hydroxyketones,Amines or Alkylammomium

HydroxidesandExaminationoftheChemicalSpeciesSeparatedfromthe

Solntions

ThereactionofTIPwithα-hydroxyketonesandaminesinthepresenceofH20

was conducted at room temperaturein air.The molar ratio of the amine or

ammoniumhydroxidetotitaniuminthereactionmixtureswasdenotedasR･The

detailexperimentalprocedureandtheresultsofelementalanalysISaredescribedas

fo1lows･AlltheproductsusedfbrelementalanalysISWerehighlyhygroscopIC･
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2.2.3.1.ReactionofTIPwithMeNH2

When3･OmlofTIP(10mmol)wasmixedwithO.8gof40%aqueoussolution

OfMeNH2(10mmol),eXOthermic reactioninstantly occurred to give a white

PreCipitate･They were separatedby centrifugalseparation,andthenwashedby

deionizedwater･This separation-WaShingprocesswas repeatedthreetimes,and

丘nallydriedinvacuoatroomtemperature･TheelementalanalysISOfthepowder

gavetheresults:H:2･89,C:3･16,N:3･30,Ti:44･4%,SuggeStingthecomposition

【CH3NH3][HTi409]･3H20(H:3.10,C:2.84,N:3.31,Ti:45.3%).Theyieldofdried

POWderwasO.8g(76%).

NH3and EtNH2Were fbund to behave similarly to MeNH2and gave the

fbllowlngreSults:fbrNH3SyStem:H:2･69,C:0･00,N:2･82,Ti:44･7%,SuggeSting

thecomposition[NH4][HTi501)]･5H20(H:2.88,C:0.00,N:2.67,Ti:45.6%).For

EtNH2SyStem:H:3･57,C:5･99,N:3･27,Ti:44･4%,COrreSPOnding to the

COmPOSition[C2H5NH3][HTi409]･3H20(H:3.46,C:5.50,N:3.21,Ti:43.9%).

2.2.3.2.ReactionofTIPwitbEt2NⅢ

When3･OmlofTIP(10mmol)wasmixedwithl.OmlofEt2NH(10mmol),

fo1lowed by addingpure water,eXOthermicreactioninstantly occurredto glVe a

SOiidmass.However,thesoiidproductwasgraduallydlSSOivedunderstirringand

yellowclearsolutionwiththeconcentrationofO.5Mwasobtainedwithinoneday.

The solution was very stable fbr more than one year.The yellow-POWder was

Obtained by evaporation ofthe soIvent and unreacted aminein vacuo at room

temperature.ThepowderwasnotdissoIvedinwaterbutre-dissoIvedbyaddingthe

amine.TheelementalanalysISOfthepowdergavetheresults:H:3.46,C:10.4,N:

2.83,Ti:40.9%,SuggeStingthecomposition[(C2H5)2NH2][HTi409]･3H20(H:4.12,

C:10.3,N:3.01,Ti:41.2%).Theyieldofdriedpowderwasl.4g(86%).

t-BuNH2andEt3NshowedthesamereactiontendencyasEt2NH.Thecolorsof

thesolutionsfromt-BuNH2andEt3Nwerecolorlessandyellow,reSPeCtively.For

Et2NH system:H:3.51,C:10.6,N:2.77,Ti:41.4%,SuggeStingthe composition

【(CH3)3CNH3][HTi409]･3H20(H:4.12,C:10.3,N:3.01,Ti:41.2%).For Et3N

SyStem:H:3.45,C:9.31,N:1.84,Ti:43.9%,SuggeStlng the composition

[(C2H5)3NH][HTi7015]･4H20(H:3.54,C:9.38,N:1.82,Ti:43.6%).

37



Chapter2 Synthesis and Characterization ofHalogen-&ee･･･

2.2.3.3.ReactionofTIPwithTMAOH

3.OmlofTIP(10mmol)wasdirectlyaddedinto2･4gaqueoussolutionof

15%tetramethylammoniumhydroxide(TMAOH:4mmol),almostexothermically

affbrding an opaque co1loidalsolution under stirrlng･Then,the degree of

transparencyofthesolutionincreasedwithtime,andnnallyaclearsolution(1M)

was obtainedwithinaftwhours･Aprecipitate was obtainedby anaddition of

excessamountof2-PrOPanOltothesolution,SeParatedby丘1tration,WaShedseveral

timesby2-PrOPanOltoremoveunreactedammoniumspecies,and丘nallydriedin

vacuo.TheelementalanalysISOfthepowdergavetheresult:H:5･60,C:11･4,N:

3.30,Ti:34.8%,SuggeStingthecomposition[(CH3)4N][HTi307]･5H20(H:5･51,C:

11.4,N:3.33,Ti:34.1%).ThewhitepowderwasreadilydissoIvedinwater,andthe

totalyieldofdriedpowderwasl･3g(99%)･

2･2･3･4･Synthesis ofWater-SOlubleTitaniumAlkylammonium Oxalatefrom

AqueousTitanateSolutions

2.5gofoxalicaciddihydrate(H2C204･2H20,20mmol)was■addedtothe20

mlofO.5MaqueoussolutionofTIP-TMAOH(R=2)･Theacidwasquicklyand

completelydissoIvedwithsomeheatevolution,yieldingcolorlessclearsolution･

Afterstirrlngfbr24h,theadditionoflargequantityof2-PrOPanO･1tothesolution

caused a precIPitate･The precipitate was separated by nltration,WaShed
by

2-PrOPanOl,and丘nallydriedundervacuumatroomtemperature･Theelemental

analysISOfthepowdergavetheresults:H:7･19,C:33･7,N:6･57,Ti:11･2%,Which

areconsistentwiththecalculateddata(H:6.84,C:32.6,N:6.33,Ti:10.8%)fbr

tetramethylammonium dioxalato oxotitanate (IV) trihydrate

[(CH3)4N]2[TiO(C204)2]･3H20.ThewhitepowderwasreadilyredissoIvedinwater,

andtheyieldwas4.Og(90%)･

2.2.3.5.ReactionofAqueousTitanateSolutionswithAqueousKCISolution

O.5MTIP-Et2NH(R=2)(8ml,4mmol)solutionwasmixedwith12mlofl･O

MKClaqueoussolution(12mmol),yieldingawhiteprecipitate･Theprecipitate

WaSSeParatedbycentrifugalseparation,andthenwashedbydeionizedwater･This

SeParation-WaShingprocesswasrepeated丘vetimes,and丘na11ydriedatllOOCin
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air･TheresultantpowderwasfbundtobeamorphousbyXRD,anddidnotcontain

bothcarbonandnitrogencomponentsfromelementalanalysIS.XRDandRaman

SPeCtraOfthepowderheat-treatedat8000Cwerethesameasthoseofauthentic

SamPleofK2Ti6013(TISMO-N,OtsukaChemicalCo.,Ltd.,Osaka,Japan).The

amorphouspowderbeforeheattreatmentcanbeformulatedasK2Ti6013･4H20from

TG-DTAandelementalanalysis･TheyieldofthepowderwasO.42g(98%).The

K2Ti60Ⅰ3POWderwassimilarlyprepared丘omtheaqueoussolutionsofTIP-Et3N

(R=1)andTIP-TMAOH(R=0.4).

2･2･3･6 PreparationofKTP(KTiOPO4)Powdcr

Equi-VOlumesofO･5MTIP-aCetOin-MEA(1‥1:1)andO.5MKH2PO4aqueOuS

SOlutionsweremixedatroomtemperaturetofbrmKTP(KTiOPO.).Theviscosity

Ofthemixedsolutionincreasedwithtime,andafterseveralhoursbrownishgelwas

Obtained･Theresultinggelwasdriedat800Cfbr20hinaironahotplate,andthen

thefbrmedpowderwasheat-treatedinairtoyieldwell-CryStallizedpureKTP.

2.3.RESUIJS

2･3･1･PreparationofAqueousTitaniumSolutionsfromTIP

InChapterl,ithasbeenreportedthatα-hydroxyketonesthemselvesandmuch

morethecombinativeuseofthect-hydroxyketonesandmonoethanolamine(MEA)

exhibitedanexcellentstabilizationeffbctfor2-PrOPanOIsolutionsdfTIP.Therefore,

firsttheef托ctofthosesystemsonthepreparationofaqueoustitaniumsolutions

WaS eXamined.In orderto clarifythe effbct ofthe aminesthatcoexist withthe

α-hydroxyketones,Variousaminesandammoniawerealsoexaminedinthisstudy･

TheresultsareshowninTbble2･1,Whichindicatesthatthecombinativesystems

areveryeffbctivetopreparetheconcentratedaqueoussolutionsalmostirrespective

Ofthestructureoftheaminesused.EventhecombinationofammoniawithacetoI

COuldyieldthesolution,Whileslngleuseoftheα-hydroxyketonesthatwereusefu1

forthestabilizationofalcoholicsolutionsofTIP,WaSuSelessfbrthepreparationof

theaqueoussolutions･Themolarratiosoftheadditivetothealkoxidehadnostrong

efftct.Acetylacetone,WhichisnotshowninTable2.1,WaSinef托ctiveevenwhen

usedwiththecombinativeuseofsomeamines.
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Tbble2･1･Efftctofahydroxyketoneoracombinativeuseofthehydroxyketone

WithamineonthefbrmationofO･5Mtitaniumaqueoussolutions.

Molar Molarratioofthe

ratioto additivetoTIP

Amine TIP AcetoI Acetoin State

H2NCH2CH20H lor2

Me2NCH2CH20H lor2

NH3

H2NNH2

Trien

2

2

2

1

1

1

lor2 DarkbrownprecIPltateS

lor2 DarkbrownprecIPltateS

lor2 DarkbrowncIearsolution

lor2 I)arkbrownclearSOlution*

lor2 DarkbrownclearsoIution

2 Darkbrownclearso)ution

2 Whiteprecipitates

2 LightyeIlowclearsolution

l Lightyellowclearsolution

2 Brownclearge1

2 BroⅥ′nClearsolution

*1Maqueoussolutioncanbeprepared･

Trien:triethylenetetramine

Itwasinitia11yassumedthattheremarkableef托ctofthecombinativesystems

WaS due to the fbrmation of theimine products havlng a Stfucttlrelike

diethanolamine(DEA),Whichcanactaヲamultidentatechelatingligand･However,

ammonia and NN-dimethylmonoethanolamine(DMEA)can not fbrm.such

COmPOunds buttheywere
very efftctive combination･Inparticular,thelatteris

NN-dimethylderivativeofMEAandhencecannotfbrmtheimineswithketones.

Theseresultsstronglysuggestthattheaminesusedmusthave､someunexpected

efftct･Therefbre,the ef托ctofsingleuse ofvarious amines was examined.The

resultsofthisinvestlgationaresummarizedinTbble2.2.
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Tbble2･2･The ef托ct ofvarious amines on the fbrmation ofO･5M aqueous

titaniumsolutions.

Classi丘cation Amine
Molarratio

toTIP

State

Ammonia lor2 WhiteprecIPltateS

PrimaryAmines Methylamine

Ethylamine

t-Butylamine

SecondaryAmines Dimethylamine

Diethylamine

Dioctylamine

Dicyclohexylamine

TbrtiaryAmines Trimethylamine

Triethylamine

lor2 WhiteprecIPltateS

lor2 WhiteprecIPitates

lor2 Clearsolution

2 Clearsolutiom

l Clearsolution

lor2 WhiteprecIPltateS

lor2 Whiteprecipitates

2 Clearsolution

l ClearsoIution

Polyamines

Alkanolamines

Hydrazine

En

Dien

Trien

MEA

DMEA

DEA

MDEA

EDEA

DIPA

TEA

lor2 WhiteprecIPitates

lor2 Whiteprecipitates

I WhiteprecIPltateS

I Whiteprecipitates

lor2 WhiteprecIPltateS

lor2 Whiteprecipitates

lor2 Colorlesscleargel

l Clearsolution

l Clearsolution

l Clearsolution

l Clearsolution

En:ethylenediamine,Dien:diethylenetriamine,MEA:mOnOethanolamine,

DMEA:N〃一dimethylmonoethanolamine,DEA:diethanolamine,

MDEA:N-methyldiethanolamine,EDEA:N-ethyladiethanolamine,

DIPA:diisopropanolamine,TEA:triethanolamine
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As clearly seenfrom Thble2･2,amines with bulky structure,and special

alkanolamines,namely substituted
DEA,s such as MDEA,EDEA,TEA,DIPA

efftctively yield clear solutions･In contrast,the prlmary aminesincluding

monoethanolamine and hydrazine and secondary amines containinglongeralkyl

groups resultedin precipitation or gelation･Evenin the case without fbrmlng

chelates,amineswithbulkystructurewerefbundtoglVeClearsolutions･

In order to examine whether the amines act as a base
or aligand,

2,2,6,6-TetramethylpiperidinewasreactedwithTi,Nb andTaalkoxides･Itis a

strongbasebutalonepalrOnnitrogenatomcanhardlycoordinatetoTiIVbecause

ofsterichindranceoffburmethylgroups･Table2･3showstheefftctofamineswith

difftrentcoordinationabilityonthefbrmationofaqueoussolutionsofTi,Nband

Tb,tOgetherwithpKaoftheconJugateaCidsoftheamines･Thestructuresofthe

aminesusedareshowninFig.2.1.

Table2.3.Ef托ctofamineswithdifftrentcoordinationabilityandbasicityonthe

formationofaqueoussolutionsofTi,NbandTb･

Group4 Group5

Amine pK｡ Ti(OPrt)4 Nb(OEt)5 Tb(OEt)5

Pyridine

Triethylamine

Piperidine

2,2,6,6-Tetramethylpiperidine

Precipitates

Clearsolution

Clearsolution

Clearsolution
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/へNへ

｢_/■二
Pyridine Triethylamine Piperidine

2,2,6,6-

Tbtramethylpiperidi

Fig.2.1.StructuresoftheamineslistedinTable2.3.

Itisclearfromthetablethattheaminesactedasabasenotbutaligand･Theefftct

Ofquaternary ammonium hydroxides such as TMAOH and TPAOH wasfurther

examined,andtheresultsareshowninTable2･4･Thesecompoundsarestrongly

basic,CannOtdativelybondtoTi,andhavebulkycationstructures.Theneutral

COrreSPOndingbromide saltandNaOH also were examinedto compare･Withthe

hydroxides.As a result,it was fbund that direct reaction between TIP and an

aqueous solutionofTMAOH orTPAOHinthe ratio ofR=1could affbrd aclear

SOlutionwiththehighconcentrationoflM.Interestlngly,eVenatSmallermodifier

ratioofR=0･4,Similaraqueoussolutionscouldbeobtained･InplaceofTIP,titanic

acid,WhichwasobtainedbyhydrolysISOfTIP,COuldbeusedtoyieldsimilarclear

SOlutions･Ontheotherhand,theammoniumbromideandNaOHdidnotshowany

POSitive ef托ct.Theseresults stronglysupportthattheexistenceofbothOH~and

bulkycationisnecessaryfbrthepreparationofaqueoustitaniumsolutions.

Tbble2.4.Ef托ctofthetetraalkylammoniumcompoundsonthefbrmationofl.O

Maqueoustitaniumsolutions.

Tttraalkylammonium Molarratio

COmPOund toTIP

State

TMAOH

TPAOH

(NaOH)

TPABr

Colorless clearsolution

ColorIess clearsolution

WhiteprecIPltateS･

Whiteprecipitates
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2･3･2･FactorsCoJLtrOllingtheForm且tionofChehte-freeAqueousMetallate

Solutions

TherepresentativetitanateSOl11tionisshowninFig.2.2,alongwithdistilled

WaterandcrystallineTiO2(anatase)suspension(STS-01,IshiharaSangyOKaisha,

Ltd･,Osaka,Japan)fbr comparison.The titanate SOlution was not suspension

becauseithadatranSParenCyCOmparabletowater.WhenaHe-Nelaserlightwas

illuninatedtothem,thetraceofthelightpassagethroughthetitanateSOlutionwas

Clearlyrecognized,indicativeofthecolloidalnatureofthesolutions.

The additionoflargeamOunt Of2-PrOPanOltotheseclear solutions caused

PreClpitates,WhichredissoIvedinwater,indicatingthatthesolutionscontainionic

SPeCiesorcolloids.Asdescribedintheexperimentalsection,theelementalanalysIS

Showed thatallofthe powders obtainedfrom the clear solutions could be

formulated as【RnH4-｡N+】【HTimO2m.11(R:alkylgroup,n,m:integer,n=1-4,

m=4-7)･Namely,thepowdersarenotasimplecolloidalmiⅩ仙re(e.g.TiO2)butthe

COmPOundswithsomestoichiometry.Themolarratioofnitrogentotitanium(N/Ti)

inthecompoundschangedalittlebitwiththebasicityorthesizeofammoniun

ions,andalmostindependentoftheratiosamine/TIPinthestartingmixtures.

Fig･2.2･Photographofthesolutionsof(a)distilledwater,(a)1MTIP-TMAOH

(R=0･4)and(c)0.5Mcrystal1ineanataSeSuSPenSion(STS-01).
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Ontheotherhand,thereactionofTIPwithaqueoussolutionsofprlmaryamines

MeNH2andEtNH2eXOthermicallyoccurredtoglVeWhiteprecipitates,butithad

neverbeendissoIvedeveninthepresenceofexcessamountoftheaminesorwhen

renuxedfbrmorethanaweek･However,t-BuNH2WaSinterestinglyeffectiveto

PreParethesimilarclearsolutions･Inthecaseofpyridineandammoniaonly

PreCIPitateswereobtained･ItisverylntereStingtonotethatexceptfbrpyridine,a11

PreCIPitates formed contained corresponding aminesin some stoichiometric

amounts,andcouldbefbrmulatedagainas[R｡H4-nN'][HTimO2m.11(n=00rl,m=4

0r5),Whilepyridineaffbrdedsimpletitanicacidorhydroustitanicoxide(TiO2･

nH20).

Alloftheresultsfbundforthepreparationofthesolutionsaresummarizedin

Thble2･5･ThecompositionoftheisolatedsolutionspeciesortheprecIPltateS,

WhichwereevaluatedfromtheelementalanalysIS,WaSreCited･ThepKLvaluesof

thecoruugateacidsofthecorrespondingaminesarealsoincludedinthistable.14

Thistableindicatesthatamineswhichwererelativelylargeinmolecularsizeand

StrOngbaseswiththepRLvaluesmorethan9tendedtoyieldcleartitanatesolutions.

TbtraalkylammoniumhydroxidesarethetypICalones･Inaddition,StrOnglybasic

andbulkycobaltoceniumhydroxide,[CoIII(C5H5)2(OH)],Whichispreparedfrom

theoxidationofcobaltcene[CoIl(C5H5)2]withhydrogenperoxide(H202)inwater,

yieldedtheyellowishclearsolution.These observationsalsoindicatesthatboth

basicityand sizeofthebasesplayanimportantroleforthefbrmationofclear

SOlutions.

Thereactionsofsomemetalalkoxidesotherthantitaniumwithalkylamines

andTMAOHweresimilarlyinvestigatedandtheresultsaresummarizedinTbble2.

6･Hereagaln,PKivaluesofbothmeta11icacidsandcoruugateacidsoftheamines

arealsoshowninthistable･14whenthepKivalueofanaminewaslargerthanthat

Ofameta11icacid,thatis,theaminewasmorebasicthantheacid,Clearmeta11ate

SOlutionscanbepreparedregardlessofthesizeoftheaminesused･Ⅶnadicacid,

themostacidicinthisstudy,eaSilygavetheclearsolutionsbythereactionwith

amines,andthemetallicacidswithalmostthesamepKbvaluessuchasTb(OH)5,

H2SiO3andH2SnO3Showedsimilartendencies･Aluminicacidwassolubleonlyln

thepresenceofstronglybasicTMAOHbecauseofitsweakacidity(PK｡11.2).
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Zirconic acidis thoughtto be muchmore basic than aluminic acid,and was

difnculttodissoIvebythereactionwithamines.

Thble2･5･Innuenceofthebasicityoftheaminesontheformationofaqueous

SOlutionderivedfromTIP.

Estimatedchemical

Amine pKaa State
compositionb

C5H5N 5.2

(NH3) 9.24

MeNH2 10.64

EtNH2 10.63

t-BuNH2 10.69

Me2NH lO.77

Et2NH lO.93

Me3N 9.8

Et3N lO.72

Whiteprecipitates

WhiteprecIPltateS

WhiteprecIPltateS

Whiteprecipitates

Colorlessclearsolution

Paleyellowclearsolution

Ytllowclearsolution

Paleyellowclearsolution

Yellowclearsolution

(TMAOH) Colorlessclearsolution

(TPAOH) Strong Colorlessclearsolution

(TBAOH) base Colorlessclearsolution

(NaOH) WhiteprecIPltateS

TiO2･0.75H20

[NH4][HTi5011]･5H20

[CH3NH3][HTi409]･3H20

[C2H5NH3][HTi409]･3H20

[t-C4H9NH3][HTi409]･3H20

【(C2H5)2NH2][HTi409]･3H20

[(C2H5)3NH][HTi7015]･4H20

[(CH3)4N][HTi307]･5H20

acoruugate
acidofcorrespondingamines

bbasedonelementalanalysIS
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Tbble2･6･The relationship betweenthe pKa values ofmetallic acids and the

COrUugate aCids of alkylamines and tetraalkylammonium hydroxide on the

fbrmationoftheaqueoussolutionsofmetallateions(SOl=Clearsolution,PPt=

PreCipitates).

EtNH2 Et3N Et2NH (TMAOH)

Metallicacids
pKi lO･63 10･72 10･93 Strongbase

H3VO4

H2SnO3

Nb(OH)5

｢h(OH)5

H2SiO3

TiO(OH)2

H3AlO3

Zr(OH)4

3.78 so1

9.4 soI

so1

9･6 ppt

9.7 sol

ppt

ll･2 ppt

ppt

soI

SOI

soI

soI

SOI

SOl

ppt

ppt

SOI

soI

soI

soI

SOI

sol

ppt

ppt

soI

soI

soI

soI

SOI

SOI

sol

ppt

Theadditionofpyridine(pKi=5.2)

inthistableresultedinprecIPltateS･

andammonia(PKL=9.24)tothemetallicacids

2･3･3･MeasurementsofElectricConductivity,PHValuesandI)ynamicLight

Scattering(DLS)oftheTIP-TMAOHSolution

Allofthetitanatesolutionspreparedinthisstudywerehighlytransparentand

lookedlikecommonaqueoussolutions･However,COlloidalnaturewasrecognlZed

asshowninFig･2･2,andhence,thesizedistributionofcolloidalparticlesinthe

TIP-TMAOH(0.5M,R=1)solutionwasmeasuredbyDLS.Theresultsareshown

inFig･2･3･Theaveragesizewasestimatedtobe15nm･Thesolutionspeciesis

expectedtocontainakindofammoniumtitanatesthatmaybedissociatedtofree

ions,andhencethesolutionmaybehighlyelectrica11yconductive.IftheequlValent

ionic conductance were obtained,a rOugh measure ofanion size and hence the

StruCtureWOuldbeevaluated.Figure2.4showstheelectricconductivitiesandthe

PHvaluesfbrvariousTIP-TMAOHsolutionsat200C.Themeasurementwasmade

underconditionsthatthetitaniumconcentrationwasvariedintherangeof[Ti]=O

to o.5MwithkeepingtheTMA+concentrationat[TMA']=0.1M.Theclear
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solutions were obtainedfrom[Ti]=O
to O.25,While colloidalsuspension or

precipitatesattheconcentrationhigherthanO･25M,indicatlngthatN/Tiratioof

morethanO.4isnecessarytoyieldclearsolutions･Thisratioisroughlythesameas

thecompositionoftheisolatedsolutionspecies(N/Ti=0･33)thatwasassumed

fromtheelementalanalysis.InFig.2.4,aSthe[Ti]concentrationwasincreased,

bothelectricconductivityandpHdecreased･Theseresultswillbediscussedlater･

宗
＼
ト
リ
已
当
b
巴
』

5 10 15 20 25

Diameter/nm

Fig･2･3･Size distributionofthe particlesinthe aqueous colloidalsolution of

TIP-TMAOH(0.5M,R=1)･
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Fig･2･4･Electric conductivlty and pH change of the TIP-TMAOH

solution.

2.3.4.RamanSpectra

Figure2･5showstheRamanspectraofthetetramethylammoniumtitanate

solution and the powderisolatedfrom the solution,along with those ofTiO2

(anataseandrutile).Alayeredtitanate,tetratitanicacid(H2Ti409)isalsorecorded

fbrcomparison.Thetetramethylammoniumtitanatesolution(Fig･2･5(a))had-fbur

peaksat279,376,449,662cm-1inadditiontothepeaksasslgnableto2-PrOPanOl

andTMA十･NopeakshiftswereobservedwhenTiorTMAOHconcentrationwas

varied,andevenafterthesolutionwasrenuxedfbr6h･Thepowderobtainedfrom

the solution after evaporating water gave thefundamentally
same spectrum as

showninJFig.2.5(b)･InthecaseofEt2NH,nOdistinctspectrawereobserved･

However,thesamepatternasTMAOHwasrecognizedafterrefluxlngfbraweekas
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showninFig.2.5(C).Thespectraofthetitanatespowder(Figs･2･5(a)and5(b))

were rather similar to that ofthe tetratitanic acid(H2Ti409,Fig.2.5(d)),and

completely differentfromthose ofanatase andrutile(Fig･S2･5(e)and5(0),

stronglysuggestlngthatthetitanatesolutionisnotasimplecolloidaldispersionof

TiO2(anataseorrutile)butcontainalayeredstructure･

.
n
.
d
＼
h
}
l
S
已
0
盲
Ⅰ

800 600 400 200

RamanShi氏/cm-1

Fig.2.5.Ramanspectraofvarioustitaniumcompounds:(a)1MTIP-TMAOH(R=1)

solution,(b)powder obtainedfromlM TIP-TMAOH(R=0･4)solution,(C)0･5M

TIP-Et2NH(R=1)solution,(d)H2Ti409,(e)anatasepowder,and(f)rutilepowder･
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2.3.5. XRD

Figure2･6showsXRDpatternsofthenlmspreparedfromtheTIP-TMAOH

solution refluxed fbr a period within6h･The丘Ims were dip-COated on glass

(CorningInc,#7059)anddriedinvacuoatroomtemperature･

Fromtheas-PreParedsolutions,Onlyaverybroadpeakwasfbundatabout60

(20).However,aSthe solutionwasrefluxedfbralongertime,thepeakbecame

sharper with shifting slightly
to alower angle･After refluxlng fbr6h,three

di飴actionpeakswithregularinterplanarspaclngWereClearlyobserved,indicating

thatrefluxlnghelpedcrysta11izationtoalayeredcompound･15similartendencies

wereobservedinthecaseofTBAOHandalkylaminesystemsasshowninFig･2･7･

.n.で倉s已0召l

10 ′20
30

DiffractionAngle,20/deg.(CuKα)

Fig.2･6･Renuxtimedependence･OfXRDpatternsofthin丘1mspreparedoヮglass

plateatroomtemperaturefromO･5MTIP-TMAOH(R=1)solution:(a)as-PrePared,

(b)1h,(C)2h,(d)3hand(e)6h･
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.n.でさ芯已む召l

10 20 30

DiffractionAngle,20/deg.(CuKα)

Fig.2.7.XRDpatternsofthin丘1mspreparedfrom(a)0･3MTIP-TBAOH(R=1)

refluxed fbr6h,(b)0.5M TIP-TMAOH(R=1)refluxed fbr6h,and(C)0･5M

TIP-Et2NH(R=1)refluxedfor7d･

2.3.6. TG-DTA

Figure2･8showsTG-DTAcurvesofthepowderspreparedfromthesolutions

oftheTIP-TMAOH(R=0.4,Fig.2.8(a))andTIP-Et3N(R=0･5,Fig･2･8(b))･TheTi

content(wt%)inthepowderwascalculatedfromthe鎖nalmasslossintheTG

curves,WhichwasshownintheExperimentalSection･Asclearlyseen,thennal

decompositiontemperaturefortheTIP-TMAOH(4600C)wasmuchlowerthanthat

oftheTIP-Et3N(5300C),SuggeStingthatTMA+inthetitanatepowderismore

easilyremovedthanEt3NH+･
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Fig.2.8.TG-DTAofthepowderpreparedfromthesolutionsof(a)TIP-TMAOH

(R=0.4)and(b)TIP-Et3N(R=0･5)･
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2.3.7.EffbctofCationSizeontheStabilityofAqueousTitanateSolutions

Theinfluenceofcationsizeonthestabilityoftheaqueoustitanatesolutionwas

examinedthroughobservlngthechangethatoccurredontheadditionofseveral

alkaline salts
to the TIP-TMAOH solution･Here,Chloride salts were used as a

cationsupplier.Tetraphenylphosphoniumcloride[(C6H5)4PCl]andthecomplexof

K+with18-CrOWn-6ether(denoted as K'-18-CrOWn-6)were also employed as

examplesofbulkycation･K+and18-CrOWn-6areknowntofbrmaverystable

complexwithstabilityconstantof6･08･

｢〈0〈1

K++ ∈:〕→
＼〉0＼ノ

18-CrOWn-6ether

｢〈0〈1

〔:K:〕
＼)0＼/

K+_18_CrOWn-6

Theadditionofproton(H+)andalkalinemetalions(Li+,N左+,K+,Rb+･andCs+)to

theTIP-TMAOHsolresultedinthefbrmationofamorphousprecipitates,Whichcan

besupposedtobeprotonicandalkalinemetaltitanates,reSPe9tively,Whilethe

cationsoftetramethylammonium,tetraPhenylphosphoniumandK+-18-CrOWn-6to

thesolutionremainedunchanged･IrrespectiveofthetypeoftheTIP-amines
or

ammonium hydroxides used,the precipitates derived on KCladdition
were

crysta11izedaspotassiumhexatitanate(K2Ti6013)whenheatedto6000Cevenafter

WaShingthoroughlywithwater･
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2.3.8.PreparationofMixedOxides

Simplewater-SOlublecompoundscanalmostfreelybeaddedtotheaqueous

titaniumsolution.Therefbre,aStartingmaterialforsometernarytitaniumoxidecan

beveryeasilypreparedusingthetitaniumsolution.KTP(KTiOPO4)isoneofthe

typICalexamples,SOhereitspreparationwastested･KTPisausefulmaterialwith

non-1inearopticaleffbct.In sol-gelprocesslng,however,itis difnculttoprepare

PreCurSOr SOlution of KTP because the potassium phosphate,One Of startlng

materials,isusuallyinsolubleinalcoholicsoIvents･

Figure2･9showstheXRDpatternsofKTPpowderpreparedbymixlngthe

titanatesolandaqueousKH2PO4･Itwasseenthatcrysta11izationstartedatabout

5000C,andwell-CryStallizedonewasobtainedat7000C･Alloftheobservedpeaks

wereasslgnedtoKTP･NopeaksasslgnabletoTiO2Weredetected,indicativeofthe

usefu1ness ofthe aqueoustitanium solutionfbrthe preparation ofmixed oxides

COntainingTi.

Asalreadydescribed,thetitanatesolutionisdestabilizedbytheadditionof

sma11cationand/oracidicproton(H').WhenKH2PO4isaddedtothetitanatesol,

as a matter of course,the mixture resultedin precipitates⊥However,a Stable

precursorsolutionofKTPisobtainedwhenK+andH+ofKH2PO4ismodi丘二edwith

18_CrOWn-6etherandneutralizedwithTMAOHasfbllows:

KH2PO.+2TMAOH･〔::〕→し〉OJ

｢へ0〈1

〔:K:〕
し〉OJ

(TMA)2PO4 + H20

Using the solution thus resulted,KTP nlms on glass plate were successfully

SPln-COated.
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DiffractionAngle,20/deg.(CuKα)

Figure2･9･XRDpatternsofKTPpowdernredatvarioustemperat･ureS･

2.4.DISCUSSION

2.4.1.Interaction between TIP and AlkyIamines or Alkylammonium

HydroxidesandFactorstoYieldClearAqueousTitanateSolutions

Theresultsofelementalanalysis(Thble2.5)suggestthatanacid-basereaction

between amines and titanic acid derivedfrom the hydrolysIS OfTIP occurred to

yieldthealkylammoniumtitanates･Forexample,thefb1lowlngreaCtionschemes

canbewritten.

HydrolysISreaCtion:

mTi(OPrj).+(2m+1)H20→H2TimO2m.1+4mPrioH

Acid-basereaction:

Forweakbases(alkylamines),
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H2TimO2m.1+RnH4_nN'oH-→[RnH4_nN'][HTimO2m.1l+H20(II)

Forstrongbases(tetraalkylammoniumhydroxides),

H2TimO2m.1+2R.N+oH.→[R4N+]2[TimO2m.12l+H20 (ⅠⅠⅠ)

ThenrstreactionisasimplehydrolysISreaCtiontoaffbrdpolymerictitanicacidor

hydroustitaniumdioxide(I),andtheothersaretheacid-basereactionsofthetitanic

acidwiththealkylaminesoralkylammoniumhydroxides,yieldingalkylammonium

hydrogen titanates(II)and alkylammonium titanates(III),reSPeCtively･The

acid-basereactionstakeplacewhenthealkylaminesoralkylammoniumhydroxides

aremorebasicthantitanateion.OtherwiseonlyhydrolysISreaCtionmayoccurand

pure hydrous oxides would be obtained･Pyridineis the very case,and neutral

ammoniumcompoundssuchasbromidealsohavenointeractionwithtitanicacid･

Thefactsthatthereactiontimerequiredtofbrmthe丘nalclearsolutiondepended

onthebasicityandtheaqueoustitanatesolutionsalsocouldbeprepareddirectly

evenfromtitanicacid,StrOnglysupporttheideaofacid-baseinteraction･Onthe

otherhand,inthecaseofthestrongbaselikeTMAOH,itispossibletoleadthe

secondacid-basereaction,yieldingneutralsalts(III).

ThepK｡(pKl:Primarydissociationexponent)valueoftitanicacid,ニWhich,is

notavailableinliterature,Canbeestimatedtobearound9becausestoichiometric

amountsofammoniumionNH4+wasfbundintheprecipitatesderived丘omthe

reaction ofTIP with ammonia(pK｡=9.24)･Accordingto
Pauling's rule on･the

acidityofoxoacids16,itcanbeassumedthatthepK2Valuefbrthetitanicacidis

around15,andthussecondprotondissociationisimpossiblebythe amines,but

possible by the strong bases such as
TMAOH･This can wellaccount

fbr the

difEbrenceintheN/Tiratiosbetweentheproductsobtainedfromthealkylamines

andTMAOH.Inthecaseofthealkylamines,Onlythe丘rstacid-basereactionmay

takeplace,tOgiveacidicsalts(II)･Thecomposition,namelythenumberofminthe

fbrmula(II)variesintherangefrom4to7dependingonthekindoftheamines･It

isinfbrredthatthevariationisprobablyduetotheformationofmixturecontainlng

tetratitanate,hexatitanateandsoon･Atanyrate,dissociableprotonsstillremainin

thetitanates(II)derivedfromthealkylamines･Asdescribedlater,thetitanatesare
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consideredtohavealayeredstructure,andtheinteractionbetweenthetitanate

layersthroughproton(includinghydrogenbonding)wouldbeenhanced,Sincethe

chargedensityofproton(H+)ismuchhigherthanthatofTMA十oralkylammonium

cations(RnH4-nN+)･Thismaybetherpasonwhythedecompositiontemperatureof

thepowderderivedfromtheTIP-Et3N(type(II))washigherthanthatofthe

powderfromtheTIP-TMAOH(type(III))showninFig･2･8･

Itcanbethoughtalsothattitanicacidisdepolymerizedinbasicconditionto

yieldsolubleoligomericspecies･Actually,1SOPOlyoxometa11atesarewellknownto

bedepolymerizedordecomposedtolowercondensedspeciesinbasicconditions･

Isopolymolybdate(VI),fbrexample,undergoesthereaction17:

[Mo7024]6-+80=-→7MoO42~+4H20

Furthermore,thefactthatwater-SOlublecomplexessuchas[(CH3)4N]2[TiO(C204)2]

couldbesynthesizedfromtheadditionofoxalicacidtothebasictitanate･SOlution

clearlyindicatesthatthedepolymerizationoftetramethylammoniumtitanateby

organicchelatesreadilyoccurstotransfbrmamonomer-1ikestructure･Accordingly,

thechemicalspeciesinthetitanatesolutionsseemstohaveasoft,flexiblestructure

easilychangeablebyareactionwithbasesorchelateligands･

Bytheway,ithasbeenreportedthatwater-SOlublecomplexesofniobiumand

tantalumwerefbrmedwithalkylamines18,19･Fairbrotheretal･SuggeStedthatthe

amines coordinated to the centralmetals,fbrmlng amine-COOrdinated metal

complexesthroughdativebonds･However,aSShowninTable2･3,Clearsolutions

oftitanates,niobates andtantalates were quickly and easily obtainedfrom the

correspondingalkoxidesbythereactionwithbasic2,2,6,6-tetramethylpiperidine

thatishardlycoordinatedtometalsduetosterichindranceoffburmethylgroups

neartonitrogenatom･Thisfactsuggeststhatthecoordinationtometalswasnot

necessarilyrequiredtoobtaintheclearmetallatesolutions･

Thesizeofammoniumionalsoseemstobeacrucialfactortoobtaintheclear

titanatesolutions.AccordingtotheresultsofRamanspectra,XRDandelectrical

conductivity,thechemicalspeciesinthesolutionscanbethoughttocontainlayered

titanateanionsandthecounterions,alkylammoniumions･Thelattermaylocate
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betweenthetitanatesheetswithoutdissociationastheconductivitymeasurements

Showed.In the case oflarger ammoniumions,the sheets would be partially

exfbliatedtoyieldcolloidalsolutionscontainlngParticlesaround15nmindiameter

(byDLS).However,Whensmallamineswereemployed,thelayeredstructuretoo

StrOngly tightened due tolarger charge density to be exfoliated,1eading to the

COagulationorprecipitates.

InthecaseoftheTIP-Et2NHsystem,fbrinstance,inTable2.5,theamorphous

POWderfromthesolutionhadthecompositioncorrespondingtotetratitanate,and

theRamanspectrumwasalmostthesameasthatoftetratitanicacidasshowninFig.

2.5.Nevertheless,hexatitanate(K2Ti6013)was obtained byion-eXChange and

Subsequent heat-treatment at 600 0C.These results seem to be somewhat

COntradictory,butcanbeunderstandbyassumlngthatthestructureinthesolution

is soflexible as to change the composition by the kind of theion used or

heat-treatment,and that crystalline K2Ti6013is most stablein the K20-XTiO2

compounds･20

In the case ofother metallates shownin Table2.6,Cation sizeis not as

importantasthebasicity,indicatingthatthestructureandnatureofmetallatesmay

be diffbrentfrom that oftitanates.Theformation ofclear titanate solution can be

explained by a synerglC ef托ct between the acid-base reaction and the size of

ammoniumion.Atthesametime,titanatepolymerssuchastitanicacidwouldbe

depolymerizedbythebase,anddelaminatedbytheexistenceoflargeammonium

ion.21-22Thechemicalspeciesinthesolutionsdoesnotexistassimplecolloidal

dispersionsbutasacompound㍑1ayeredalkylammoniumtitanateH･

2.4.2.ElectricConductivities,PHValuesoftheTIP-TMAOHSolutions

AsshowninThble2.5,theclearsolutionsderived丘omthemixtureofTIPand

TMAOHmaycontain[TMA'][HTi307.],Whichwasfbrmedthroughthefbllowing

reactlOnS.

HydrolysISreaCtion:

3Ti(OPrt)4+7H20→H2Ti307+12PrioH

Acid-baseinteraction:
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H2Ti307+TMAOH→TMA+HTi307-+H20

InthesolutioncontainingxMconcentrationoftitanium[Ti]andO･1MofTMAOH,

fbllowlngrelationshipsholdtrue:

[Ti]=X(M)(X=OtoO･25),

[TMAOH]=[TMA+]=[OH,]=0･1(M)(COmPletedissociation)

Iftheresultant[TMA+][HTi307-]isNOTdissociatedtoTMA+andHTi307-inthe

solution,the conductivity of[TMA'][HTi307~]would become zero and the

conductivity ofthe solution comes
to depend only onthat ofunreacted,丘ee

TMA+oH,thatis,

[TMA']=[OH,]=0.1-X/3

usingthereportedequivalentionicconductivityofTMA+andOH-(入0(TMA+oH-)

=211(S･Cm2･eq,1),at180C)23,thedependenceofthesolutionconductivityandpH

valueonTiconcentrationxcanbedesignatedasfo1lows:

入=211(0.1-Ⅹ/3)(mS･Cm~1)

pH=14+log(0･トⅩ/3)

ThosecurvesderivedfromtheequationsareplottedinFig･2･4asdashlinesand

agreeapproximatelywiththeexperimentalresults(solidlines)intherangeofx

fromOtoO.3.Theslightdeviationmightbeattributedtothatfromtheassumed

composition,andto theinfluence ofthe concentration ofthe solution species

becausetheconductivitylSgenera11ydecreasedasincreaslngCOnCentration･Onthe

otherhand,intherangeofxhigherthanO･3,itisdifnculttoestimatethebehaviors

becauseoftheprecipitation･Thisresultindicatesthatthetetramethylammonium

titanateisnotdissociatedandtheTMA+wastrappedorconstrainedbythecounter

anions,namelylayeredtitanates･
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2.4.3.Lay打edTitanates

As shownin Figs.2.6,7,the reaction ofTIP with tetraalkylammonium

hydroxideswasmorelikelytofbrmthelayeredtitanatesthanthatwithalkylamines･

And the difⅡaction patterns showed regularly d-SPaClngS,and arein good

agreement with those of thelayered titanates previously reported by several

researchers.21-22Ramanspectra(Fig.2.5)also supportthepresenceoflayered

titanatescomparabletolayeredH2Ti409･

Generally,COlloidallayeredtitanates have been synthesized by a multistep

PrOCeSS,thatis,SOlid-Phasereaction,ion-eXChange,anddelamination･AsatypICal

example,nrSt,CsxTi(2-X/4)□x/404(□:VaCanCy)wassynthesizedbythe solid-Phase

reactionofTiO2WithCsCO3.Second,anion-eXChangereactionofCs+withH+fbr

afewdaysto glVeHxTi(2-X/4)ロx/404･,Whichwas丘nallyexfo1iatedbyquaternary

ammoniumion･This process requlreS high temperature and alarge amount of

ammoniumions,and moreovertakeslongtime.Onthe otherhand,OurPrOCeSS

consistsofsimplereactionsatroomtemperature,andisadvantageousfbrtimeand

materialsavlng･In additiop,Our SOlutions are completelyfree ofhalogen and

alkalineions,beingthemostsuitableasthestartingmaterialsfbrothertitanium

compounds･Usingthese solutions,nOtOnlylayeredtitanatesbutalso TiO2thin

丘1mscanbepreparedatlowtemperaturesaswillbereportedinChapter3･Our

process and the chemicalspecies fbrmed by each stepln this study can be

i11ustrated asin Fig･2･10･Alkylammonium titanates can be prepared by the

acid-base reaction of TIP with water and alkylamines or tetraalkylammonium

hydroxides･Transparent titanate solutions are prepared when basic and bulky

aminesorammoniumhydroxidesareused･Otherwise,amOrPhousprecipitatesare

obtained･Startlngfromthetitanatesolution,manykindsofcompoundsorprecursor

ofceramicscanbepreparedinaqueousmedium･Titaniumchelatecompoundsare

synthesized through depolymerization･Potassium hexatitanate(K2Ti6013)is

preparedbyion-eXChange,fbllowedbyheattreatmentat6000C･Potassiumtitanyl

phosphate(KTP,KTiOPO4)is easily prepared by mixing with potassium

dihydrogenphosphate(KH2PO4),andthenheatedat6000C･Thelayeredtitanate

別misdip-COatedonglass,andanatase■丘1mcanbeobtainedaslowas3500C･The

detailsofthepreparationandcharacterizationwillbereportedinthenextchapter･
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Thefbrmationofthesecompoundsdescribedabovedemonstratestheavailability,

andatthesametime,thepropertiesofourtitanatesolutions･

2.5.CONCLUSIONS

Itisconcludedthatverystable,Cleartitanateco1loidalsolutionswereobtained

bythereactionsofmetalalkoxideswithbulkyaminesorquaternaryammonium

hydroxides,andthatthereactioncanbegeneralizedastheacid-basereactions

betweenmetallicacidsandaminesbasedonpKavalues･Thechemicalspeciesin

thesolutionsexistnotassimplecolloidaldispersionsofTiO2(anataseorrutile)but

ascompounds=1ayeredalkylammoniumtitanatesn･Toourknowledge,thisstudyis

the丘rst report onthe preparationoflayered alkylammoniumtitanates bythe

solutionmethod.

Theseaqueousmetallatesolutionsarecompletelyfree丘omhalogens,alkaline

metalionsandchelates,andcanbeusedasasourcematerialtopreparevarious

titanium compoundsincluding sol-geltechnique and wi11■realize a novel,

environmenta11y-friendlysyntheticprocessofceramicnlms,Whichcanbeapplied

tophotocatalysts,ZeOlites,OPticalandelectronicdevices･
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Fig･2･10･Schematicillustrationfbrthereactioninvestigatedinthisstudy,andfbr

theusefu1nessofaqueoustitanatesolutionasastartingmaterial･
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Chapter3 PrepaTatiollandCharacterizatiol-OfTitania=･

PREPARATIONANI)CⅡARACTERIZATIONOFTITANIA

THINFILMSflROMAqUEOUSSOLtJTIONS

ABSTRACT

Dip-OrSPin-COatingandcharacterizationoftitania(TiO2)thin丘1msfromvarious

aqueoussolutionshavebeenstudied･Theaqueoustitaniumsolutionsmainlyusedinthis

studywerehalogen-andchelate-freesolutionswiththeconcentrationsuptol･4M

derived丘om titaniumisopropoxide(TIP)with tetramethylammonium hydroxide

(TMAOH)orsomealkylamines,While aqueousandalcoholic solutionscontaining

titaniumatorrlSStabilizedchelatingligandswereexaminedforcomparison･TheTiO2

fi1mspreparedftomtheTIP-TMAOHsolutionwerealreadycrystallizedat3500Cto

anataseformandthosefbrmedat6000Chadhightransparencyandre丘activeindicesof

2.40.Nocarbonresidueinthe丘1mpreparedat4000CwasdetectedbyXPS･Thepure

anataSeformwas sustainedupto850OC.Interestingly,itwas食)undthatthe(004)

preftrential1yorientedanatase丘1mswereobtainedfiomTIP-1acticacid(LA)system

unti17000C.Thesolutionscontainingcitricacid(CA)oralkanolaminesyieldedanataSe

andrutileform丘redatthetemperaturesequaltoorhigherthan6000C･Carbonresidue

wasdetectedinthe丘Im丘redat4000C.The丘1mthicknessmonotonical1ydecreased

fromtheuppertothebottomendsofthesubstrate･However,itwasfbundthatthe

thicknessunifbrmitywasdrastical1yimprovedbyanadditionofsucrosetotheaqueous

solutions.Theeffbctsofthesolutioncompositionandpolyhydroxycompoundsonthe

crystalmodificationsofformed丘1msandthe丘1munifbrmltyarediscussed･

3.1.INTRODUCTION

Titaniumdioxide(TiO2)isattractingmuchattentiontonewapplicationssuchas

theself-Cleanlng,anti-fbgglngand/orhydrophilicfilms･Preparationofusefu1materials

like TiO2atlowertemperature without uslng tOXic substanCeSis one ofthe most

(二i()
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importantsubiectstobeachieved･Asolutionmethodincludingsol-gelprocesslnglS

moreusefu1forsuchpurposesthanOtherteclmiques,andtheprecursorsolutionsare

Wellkn0wntOhaveaslgni丘cantfactortodeterminethepropertyofthe血alproducts.

%termaybethemostdesirablesoIventoftheprecursorsolutionintheprocesslng･

Sofar,therearesomereportsregardingwater-SOlubletitaniumcompounds･1-6As

describedinChapter2,ithasbeenfoundthattransparent,halogen-andchelate-free

aqueoussolutionscouldbeprepared･7,8Inthischapter,PreParationof¶02thin五1ms

fromaqueoustitanatesolutionswasinvestigated,focuslngOntheinfluenceofstarting

PreCurSOrSOlutionsoncrystalform,CryStallinityandorientationofTiO2thin丘1ms.

E飴ctofvariousadditivessuchaspolyhydroxycompoundsontheuniformltyOfTiO2

thin五1mswasalsostudied.

3.2.EXPERIMENTAL

Titaniumtetraisopropoxide(Ti(OPri)4:TIP)wasusedafterdistillationinvacu｡.

Theotherchemicalswereusedasreceived･Thesolutionswerepreparedbydirectly

mixing TIP with tetramethylammonium hydroxide(TMAOH)in air at room

temperature,fo1lowed by adding suitable amount ofwaten Ttiethylamine(Et3N),

diethylamine(Et2NH),lacticacid(LA),Citricacid(CA)andtriethan01amine(TEA)

WereSimilarlyusedasTMAOH.ThemolarratiooftheseadditivestoTIPisabbreviated

as R henceforce.Inthe case ofTIP-LA-NH3,ammOniawas added to the TIP-LA

solution.

TheTiO2thin丘Imswerepreparedbyadip-OrSPln-COatingmethodontoaglass

Substrate(#7059,ComingInc･)･Fordip-COating,theplatewasimmersedfbr30sec,

fo1lowedbywithdrawlngatlcm/min･Forspln-COating,thesubstrateonwhichthe

PreCurSOrSOlution(50-200トtl)wasdroppedandheldfor30sec,WaSrOtatedat6000

rpmfor30sec.AfterdriedatllOOCforlOmin,bothfilmswereheat-treatedatvarious

temperaturesfor30mininair･Theresultant丘1mswerecharacterizedbyXRD,XPS,

UV-VISandAFM･Thethicknessandrefractiveindexofthe丘1msweremeasuredby

ellipsometer(He-Nelaser).
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3.3.RESロuSANDDISCUSSION

3.3.1. Selection of Starting Solution:Usefulness,Of
Aqueous Solution of

TIP-TMAOH

AlloftheaqueoussolutionsexaminedandpropertiesofTiO2thin丘1msobtained

丘omthemaresummarizedinTbble3.1.Theresultsofthe且1mspreparedfromthe

2-PrOPanOIsolutions9arealsoshownforcomparison･

Thble3.1.Properties oftheTiO2thin丘1mspreparedfromaqueousandalcoholic

solutions.

SoIvent Stabilizer Crystallization Crystal Re丘active Orientation Film

(Additive)Ra temp･(OC) phaseb indexb ofanataseb unifbrmity

Water TMAOH O.4 350 A 2.40

Et2NH O.4

Et3N O.5

LA I

LA-NH3 1:1

CA-NH3 1:1

TEA l

600 A 2.33

6
｡
｡
岬
㈹
5
｡
｡

A 2.34

A 2.21

A 2.30

A+R 2.33

A+R 2.33

(101) ExcellentC

(101) Fair

(10i) Fair

(004) Poor

(004) Good

(101) Good

(101) Fair

HNO3 A (1.65) Poor

(STS-01)

2-PrOPanOI DEA I

TEA I

Acetoin 2

acac 2

500

500

400

400

A+R 2.30

A+R 2.33

A 2.12

A 2.08

(101) Exce)1ent

(101) Excellent

(101) Good

(101) Good

aR=[stabilizer]/[Ti],mOlarratio

bforthe丘1msheat-treatedat6000C,A:anataSe,R:rutile

Cinthepresenceofsugar(SeeteXt)

dbrown_COlored創m
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Tbble3･1clearlyindicatesthattheTIP-TMAOHsolutionisthebestfromthepointof

Viewoflowcrystallizationtemperature(3500C),highrefractiveindex(2.40),and丘1m

uniformity.The丘1ms werefoundto be superiortothosefrom commercialanatase

COlloidalsuspension(STS-01,IshiharaSangyoKaisha,Ltd.).ExceptforTMAOHand

thealkylamines,theclearsolutionswereobtainedatR=lorhigher,indicatlngChelate

formation･RutileformationwasrecognizedinthecasefromthesolutioncontainlngCA,

diethanolamine(DEA)andTEA.ThepropertiesoftheTiO2丘1mswillbediscussed

later.

Thedecompositionbehaviorofthechemicalspeciesintheaqueoussolutionswas

investigatedbyTG-DTA,ShowlngthatthepowderobtainedfromTMAOHsystemwas

almostfu11ydecomposedat3300C.ThepowderfromtheTIP-alkylamineswasnot

CrySta11izeduntilabout6000CinsplteOflessorganiccontent.Ontheotherhand,the

POWderfromtheTIP-TEAcontainsmuchlargeramountoforganicsthanthat丘omthe

formerS,andtheTGcurveindicatedthatbelow5000Cmuchcarbonaceousresidues

remainedinthepowder.

3.3.2.Characterization ofTiO2Thin Films Prepared from AqueousTitanate

Solutions

Figure3.1showstheXRDpattemsoftheTiO2thinfilmspreparedfrom(a)the

l.2MTIP-TMAOH(R=0.4)and(b)theTIP-LA-NH3(R=1:1)solutions.Thenumbers

Ofcoatingwereland5,reSPeCtively.InFig.3.1(a),PureanataSeWithonly(101)peak

appearedalreadyat350OC,andcarbonresidueinthe丘1mpreparedat4000Cwasnot

detectedbyXPS.TheanataseformWaSSuStainedupto8300ConA1203Platewithout

yieldingrutile.Crystallitesizewasalmostconstanttobe15to20nminthetemperature

rangeexamined.Therefractiveindexofthe鎖1m丘redat6000Cwas2･40inspltethatit

is composed ofpure anatase･Inthe case ofO･8M TIP-Et3N(R=0･5)and O･7M

TIP-Et2NH(R=0.4),theanataSe丘1msweresimilarlyobtained,butnotcrystallizedunti1

6000C.InFig.3.1(b),PureanataSe丘1mswereobtainedat400to7000C,butthe

丘Ims prepared at400 0C were brownish,indicative of carbonaceous residue･

Interestingly,thefilms preferentially oriented to(004).This orientation was also

ObservedinthecaseofTIP-LA(R=1)system.
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.n.d＼合芯已0}占

20 30 40 50 6020 30 40 50 60

Diffractionangle,20/deg.(CuKα)

Fig･3･1･XRDpatternSOftheTiO2thin丘1mspreparedfromtheaqueoussolutionof

(a)1.2MTIP-TMAOH(R=0･4)and(b)1MTIP-LA-NH3(R=1:1)･

Figure3･2showstheinfluenceofthestartingsolutionsonthecrystalphaseofTiO2

丘1ms heat-treated at6000Cfor3-5coatings.The
TMAOH and LA-NH3SyStemS

yieldedonlyanataSe,eSPeCia11y(004)orientationwasobservedintheLA-NH3SyStem･

ForCAandTEAsystems,CryStallizationoccurredat5000C,andasmallamountof

rutilewasdetectedat6000CregardlessofthesoIventused･Theseresultsindicatesthat

thechemicalspeciesintheprecursorsolutionscontrolthecrystalform,andhencethe

propertiesoftheresultantTiO2丘1ms･Organicchelatesarewellknowntocontrolthe

hydrolysisbuttendtoresideinthe丘1msuntilhighertemperatures,Whichisthoughtto

causeboththeformationofrutilearound6000Candtheincreaseofcrystallization

temperature･As alreadyreported,therutileformationseemsto be acceleratedby

reducingpropertyoforganicspecies,theincreaseofthe丘1mthicknessandfiringtlme･9,
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10Moreover,rutilenlmsareobtainedfromthesoIcontainingreduclngChelatingagents

withhydrazineunit･11TIPisreadilyhydrolyzedinthepresenceofstronglybasic

TMAOHto givethecolloidparticles(d=15nm)withlayeredstructure similarto

tetratitanicacid(H2Ti409)･8TheH2Ti409CanbereadilytranSformedtopotaxiallyto

anatase12,SOthatthe丘1mscouldbecrystallizedatatemperatureaslowas3500C.In

thecaseofalkylamines,however,the丘1msarenotcrystallizedbelow600OCbecause

theydonothavesuchlayeredstructureasTMAOH･ForLAsystem,theorientationof

TiO2SeemStOberelatedtothestruCtureOfsolutionspeciesalthoughthedetailsremain

unclearatpresent.

.n.で倉s已ひ盲Ⅰ

20 30 40 50 60

Diffractionangle,20/deg.(CuKα)

Fig･3･2･XRD patterns ofthe TiO2thin丘1ms preparedfrom various aqueous

titanateSOlutions.
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3･3･3･Improvcment oftIle Uniformity ofthe Film Prepared from TIP-based

Aq11eOuSSolutions

Inthisstudy,theprecursorsolutionsnormalIycontain30-40vol%of2-PrOPanOl

generated by hydrolysIS OfTIP･Inthe process ofdip coatlng,theliql】id丘1m was

Observedtoclimbupthesllbstrate,thentogatherintodrops,andtomovedown.Asa

result,theuppersideofthe五1mwasthickerthanthebottomside.Thisphenomenonis

CauSedbythedi飴renceofevaporationrateof2-PrOPanOlandwater,Called"花αrSQfl

椚乃e,,.13

Tbrestrainthemovementoftheliquid丘1monglassplate,itisimportanttOincrease

theviscosityoftheliquid･Anadditionofvariouswater-SOlublepolymers(PEGand

PVA)or polyhydroxy compounds tothe TIP-TMAOH solution was exami11ed to

improvetheunifbrmity.AsshowninFig.3.3,theadditionofsucroseshowedthebest

uniformitywithhighrefiactiveindexof2.40.AFMobservationindicatedthatthe丘Im

WaSnOtPOrOuSbutsmoothalthoughthegralnSizewasslightlysmal1erthanthecase

.■/ニT
‡＼

.津K

(IMn)

■即ト70

回50~60

[]40▼50

⊂]30~40

[]20▼30

Fig･3･3.ThicknessdistributionoftheTiO2thin丘1mspreparedfromtheaqueous

SOlutionofl.2MTIP-TMAOH(R=0.4)added(a)none,(b)3mol%PVAand(C)3

mol%sucrose.The丘1mswereheat-treatedat6000Cfor30min.
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Withoutsucrose.SmallamOuntOfsucroselessthan3mol%wasalsoefftctive,and

SurPrlSlngly,thedense,SmOOthTiO2丘1mswithhighrefractiveindexcouldbeobtained

eveninthepresenceofexcesssucroseupto30mol%･OneofthetypICalfunctionsof

thesaccharidesisthoughttoincreasetheviscosityintheliquid･Astheevaporationof

alcoholintheliquid丘1montheglassproceeds,theviscositybecomeshigh･Asaresult,

theliquidfi1mlosesitsnuidity,1eadingtoformSmOOth丘1m･Whenpolymerssuchas

PEGwere employed,POrOuS nlms are obtained･14Incontrast,thenon-POlymeric

SaCCharidesmaybeeasilydecomposedwithoutchanglngthe丘1mmorphologyduring

theheat-treatment.

3.4.CONCLUSION

ItisconcludedthattheTIP-TMAOHaqueoussolutionwasthebestprecursor,tO

glVeTiO2丘1mswithhightransparencyandre丘activeindexatlowertemperatures･The

uniformityofthe丘Im丘omtheTIP-TMAOHsolutionwasdrasticallylmPrOVedbythe

additionofsugar.Thecrystalform,OrientationandcrystallizationoftheTiO2丘1ms

Werefoundtodependstronglyonthechemicalspeciesofthestartingsolutions.
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EFFECTOFPIIOTOIRRADIATIONONTHEPROPERTIES

OFLAYEREDTITANATETHINFILMSFROM

TRANSPARENTAQUEOUSTITANATESOLS

ABSTRACT

UVirradiationon丘1mspreparedbyaspln-COatlngmethoduslngaqueOuStitanate

SOIswasinvestigated･ThetransparentsoIsusedinthisstudywerepreparedbya

reactionoftitaniumtetraisopropoxide(TIP)withtetramethylammoniumhydroxide

(TMAOH)oralkylamines,and consisted ofalayered compound.The refractive

indicesandhardeningofthe創msincreasedwiththeirradiationtime,indicatlng

thatphotoirradiationaccelerateddensi丘cationofthe丘1ms.Itwasfbundthatthese

Phenomenawerecausedbythephotocatalytic decompositionofalkylammonium

ionslocated between the titanate Sheets to contract theinterlayer distanCe.

Interestlngly,When the丘1m prepared from the TIP-TMAOH soIcontainlng30

mol%ofsucrosetoTiwasirradiatedthroughapatternlngmaSkandsubsequently

heatedinairat5000C,theirradiatedpartofthe丘1mselectivelyturneddarkbrown

duetoresidualcarbon.Itwasthoughtthatsucrosemoleculeswerecon丘nedwithin

thehosttitanatelayersdensificatedbyUVirradiationandthattheoxidationofthe

SuCrOSe by oxygeninair was difncult under heating because the densi丘cated

titanatesmightsuppressthediffusionofoxygen.

Onthe otherhand,SuCh colorlngOfthe nlms by sucrose was not found fol･

nlms
preparedfrom an aqueous suspension of crysta11ine TiO2(anataSe),an

aqueous solution of TIP-1actic acid(LA)-NH3,and alcoholic soIs such as the

TIP-diethanolamine(DEA)system.

4.1.INTRODUCTION

Recently,thelow-COSt,low-energyfabrication offunctionalmaterials hasbeen

75



Chapter4 E8もct ofPhotoirradiatioIl･

attracting attentionfromindustrialand environmentalpoints ofview･A sol-gel

technique,Whichis one ofthepromlSlng SOlutionprocesses,iswidely usedto

prepareoxide丘1msandoxidegelnlms･1usingwaterasasoIventistheInOSt

favorable,but many transition metals with higher fbrmaloxidation states are

readilyhydrolyzedtoglVeinsolublemetallicacids･Therefore,Chelatecompounds

areoftenusedtofbrmastableaqueoussolutionofthem.

Photoirradiationto the gelnlms consisting ofchelate compounds makesit

POSSibletodecomposeorganicchelatestopromotedensi丘cationofthegel丘1ms･

Light corresponding toligand-tO-metalcharge transfer(LMCT)is especially

efftctive because metal-Chelate bonds would be weakened.As a result,the

irradiatedpartofnlmsbecameinsolubleintothesoIvent.Utilizingthisdiffbrence

insolubility,nnePatternlngOftheoxide丘1mshasbeenprepared･2-5

In Chapter2,it has been reported that halogen-free,tranSParent,aqueOuS

COlloidalmetallatesolutionswerepreparedbyareactionofmetalalkoxide(Ti,V,

Nb,Tb,Al,and Si)with tetramethylammonium hydroxide(TMAOH)or bulky

alkylaminesinwater･6,7Inparticular,titanatesolutions,inwhichthesolutehadthe

SameStruCtureaSatitanatesheetobtainedbythedelaminationofalayeredtitanate,

HxTi(2_X′.)□x/.0.(口‥VaCanCy),8areverystableovermanyyearsandarefreeof

halogens,alkalinecationsandorganicchelates.Titanatesolutionscanbeprepared

muchmoreeasilythanbytheconventionalmethod,WhichcomprlSeSmultiplesteps,

suchasasolid-StatereaCtionofTiO2WithCsCO3,theionexchangeofCs+withH+

and the delamination of HxTi(2-X/4)ロx/404uSlng tetrabutylammonium hydroxide

(TBAOH)orethylamine.9Inthenearfuture,thesepureaqueoustitanatesolutions

willbecomemuchimportantnotonlyfbrenvironmentalconsiderations,butalsofbr

thefabricationoffunctionalceramicsrequlrlnghighpurlty.A丘1mprepared丘om

theTIP-TMAOHsoIwasfbundtocrystallizetoanataseattemperaturesaslowas

3500C with arefractiveindex of2.40at6000C;itwas also fbund that a small

amount of sucrose(3mol%to Ti)added to the solmade the resultant丘1m

drasticallyunifbrm･10Furthermore,Whena丘1mpreparedfromthesoIcontainlng30

mol%ofsucrosetoTiwasirradiatedthroughapatternlngmaSkandsubsequently

heatedinairat5000C,itwasfbundthattheirradiatedpartofthe丘1mselectively

turneddarkbrown.
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Therearemanyreportsregardingthepreparationandcharacterizationofa

delaminatedtitanatesuspension:Synthesis,11-13ion-eXChangepropertyofthenlm,14

intercalationofpolymer,15,16swellingofthelayered丘1m,12,17,18photocatalytic

property,19,20and fabrication of Langmuir-Blodgett(LB)員1ms･21,22To our

knowledge,thereisnoreportrelatingtoanychangeinthepropertiesofthelayered

titanate丘Imsthemselvesbyphotoirradiation,althoughthedensi丘cationofTiO2gel

丘1msderivedfromthehydrolysISOfTIPwaspublished･23Inthischqpter,theefftct

ofphotoirradiationonthechangeinthehardness,thicknessandrefractiveindicesofthe

titanatefilm,andthebehaviorofcoloringbysucrosewasinvestigated･

4.2.EXPEMMENTAL

4.2.1.ChemicalReagents

Titaniumtetraisopropoxide(Ti(OPri)4:TIItVhkoPureChemicalIndustries,Ltd･,

Osaka,Japan)was used after distillation under reduced pressure･Commercial

extrapurereagents,tetraethylorthosilicate(Si(OEt)4:TEOS),diethylamine(Et2NH),

triethylamine(Et3N),aqueOuSSOlutionoftetramethylammoniumhydroxide(15%,

TMAOH),WereuSedasreceivedfromWakoPureChemicalIndustries,Ltd･,Osaka,

Japan.An aqueous solution of choline((2-hydroxyethyl)trimethylammonium

hydroxide,48-50%,Tbkyo KaseiKogyo Co･Ltd･)was also usedinstead of

TMAOH.

4･2･2･PreparationofLayeredTitanateFilms

The preparation ofaqueous titanate solutions丘om TIP was perfbrmed as

reported previously･6-7The molar ratios ofTMAOH,Choline,alkylamines
or

chelatingligandstoTiaredenotedbyRhencefbrth･Thus,1･2MTIP-TMAOH

(R=0.4),1.OMTIP-Choline(R=0･4),0･7MTIP-Et2NH(R=0･5),0･8MTIP-Et3N

(R=0.5)andl.O MTEOS-TMAOH(R=0･5)wereprepared･A smallamountof

sucrose(3mol%toTi)was addedtothesolutioninordertoimprovethenlm

unifbrmity･10Itwasconnrmedthatitsadditionupto30mol%didnotaffbctthe

interlayerdistanceoftitanatelayercompoundsandthecrystallizationtemperature

ofanatase.

The丘1mswerepreparedoneitherborosilicateglass(CorningInc,#7059)or
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SiO2glass(NipponSilicaGlass)byaspin-COatingmethod(6000rpm,30sec).The

員Imwasirradiatedbya500-Wsuperhigh-PreSSuremerCurylamp(UshioDenki

Co･,Ltd･)throughwaterasanIR-Cut丘1ter.Theirradiationpowerdensitythrough

thenlterwasO.4W･Cm-2.Inaheattreatmentofthecoatedtitanate鎖1ms,the丘1ms

Were directlylntrOducedinto ahorizontalfurnace electrically heated at a glVen

temperature,andthenheatedfbr30mininair.

4.2.3. Characterizations

Allcharacterizations were perfbrmed fbr slngle-COated nlms.XRD patterns

(ModelGeigerflex,Rigaku Co.,Tokyo,Japan)were recorded using graphite

monochromatedCuKαradiationwithascannlngSPeedof20/minoverthe20range

Of20-700.Thethickness andthe refractiveindex of丘Ims were measured by an

ellipsometer(DVA-36VMW,MizqjiriOpticalCo.,Ltd.)equipped with a He-Ne

laser(632.8nm),andaUV-Visspectrometer(HitachiU-3500).Thecarboncontent

Ofthe丘1mwasanalyzedbyElectronSpectroscopyforChemicalAnalysis(ESCA,

ShimadzuESCA-850).Infrared(IR)spectraofthepowderscrapedawayfromthe

Photoirradiated丘Ims on a glass plate were recorded with a spectrophotometer

(PERKIN-ELMERSystem200QFT-IR)inthe4000-400cm-1wavenumberrange

(KBrmethod).Liquid-StatelH-NMRspectra(ModelFT-NMRalpha-400,JOEL,

Tbkyo,Japan)weremeasuredatroomtemperatureunderanexternalmagnetic丘eld

OfHo=9.4T with aninternalstandard of sodium2,2-dimethyl-2-Silapentane-

5-Sulfonate(DSS).ThespecimensweremixedwithD20inasampletubewitha

diameterof5mm.

4.2.4. DeterminationofFilmHardness

The丘Imhardnesswasmeasuredbyapencilmethod,24inwhichMitsubishiHi

unipencils(hardness:6B-6H)wereused･

4･2･5･PatterningofFilmsPreparedfromTitanateSoIs

ThegelnlmpreparedfromthetitanatesoIswasirradiatedthroughapatternlng

maskfbr30mln,1eachedinwaterand丘na11ynredat5000Cfbr30mininair･

Similarly,a丘1mpreparedwithoutleachingprocesswasalsoexamined･
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4.3.RESUuS

4.3.l.Propertiesofthel.2MTIP-TMAOH(R=0･4)SolandtheFilms

PreparedfromtheSoI

Theaqueoussolofl･2MTIP-TMAOH(R=0･4,SuCrOSe3mol%)contains

about37vol%2-PrOPanOlresulted丘omthehydrolysISOfTIP･Thesolremained

stableevenafterevaporatingthealcohol･Thepresenceof2-PrOPanOldidnotaf托ct

theresultsobtainedinthisstudy･Therefbre,inthisstudy,thesoIwasusedasitwas

preparedwithouttheevaporationof2-PrOPanOl･

Fig.4.1(a)showstheXRDpatternsofnlmspreparedfromtheTIP-TMAOH

sol.The別mdriedatlOOOChadabroaddi飴actionpeakbelow50･Thepeak

becameslightlysharpat2000C,butagalnbroadat3000C･Finally,the丘Im

crystallizedtoanataseat350OC･Thecrystallitesizeoftheanatase丘1m丘redat400

0Cwasestimatedtobe14nmfromthepeakwidthofthe(101)reflectionofanatase

uslng Scherrer,s equation･A丘1m prepared atlOO
OC seemed to be almost

amorphousbyXRD･However,aSdescribedinChapter2,Ramanspectrarevealed

thatthesolute(OrCOlloid)wasalayeredtitanate,7indicatingthatthespecies

consistedofashort-rangeOrder･Actually,Whentitanate丘Imswerecoateduslngthe

clearlsolrefluxedfbr3h,adistinctdi飴actionpatternofthelayeredstructurewas

found,aSShowninFig.4.1(b).Threesharppeakslocatedat5･160(1･71nm),

10.360(0.85nm)and14･900(0･59nm)wereclearlyobservedatlOOOC･The

patternis similar
to that reported fbr delamination ofthelayered titanate,

HxTi(2-X/4)ロx/404(□:VaCanCy)･8However,inthecaseoftitanate丘1mspreparedfrom

refluxedsoIs,CrySta11izationtoanatasewasobservedat5500C,Whichwashigher

than that of the丘Imfrom the soIwithout renux･It wasinferred that the

crystallizationtoanatasewasdifBcult,Sincetheframeworkofthelayeredstructure

mightbebuiltbyreflux･

Adecreaseinsolubilitytowardwaterwasobservedfbra丘1mnredat2000C,

butthe丘1mwassolubleinaqueousTMAOH(15%)･However,丘Imsheatedabove

3500C,Whichwascomposedofanatase,Wereinsolubleinbothwaterandaqueous

TMAOH.
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Figure4.1.XRD patterns of the thin員1ms preparedfrom(a)1･2M

TIP-TMAOH(R=0.4,SuCrOSe3mol%)and(b)1･2M TIP-TMAOH(R=0･4,

sucrose3mol%)refluxedfor3h･

4.3.2.EffbctofPhotoirradiationtotheFilms

Fig･4･2showsthevariationsintheXRDpatternsofthe丘ImsfbrvariousUV

irradiationtimedurations.ThenlmswerepreparedfromtherefluxedTIP-TMAOH

sol.Sincethe創mswerepreparedfromtherenuxedsol,aSdescribedabove,the

unirradiated丘Imexhibiteddistinctdiffractionpeaks･Afterphotoirradiationfor20

min,the cleardif数actionpatterns
was broadened and shiftedto higher angles,
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Figure4･2･EfEbctofphotoirradiationonXRDpatternsofthethin凸Imsprepared

froml.2MTIP-TMAOH(R=0.4,SuCrOSe3mol%)refluxedfbr3h･

indicatingthattheinterlayerdistancesdecreased･Thedvalue(at9･400)forthe

丘Imirradiatedfbr30minwasO.94nm,beingingoodagreementwiththe(020)

reflectionofHxTi(2-X/4)口x/404･H20･Thisobservationstronglysuggeststhatthe

TMA+ionslocatedbetweenthetitanatelayerswerephotochemica11ydecomposed･

Afterirradiationfor60min,the丘1mbecamealmostamorphous･

Whenthefilmwasirradiatedwithlightatawavelengthabove300nmthrough

acutnlter,thenlmwasdissoIvedinwaterandnochangesinthesolubilitytowater

andrefractiveindexwere observed,regardlessoftheirradiationtime･However,
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Whenirradiatedwithlightatawavelengthbelow300nmfbr20minorlonger,the

別mbecameinsolubleinwater,butstillsolubleinaqueous TMAOH(15%).

Accordingly,1tisconcludedthatthe丘1mhadaphotosensitivitybelow300nmand

thelayeredstructurewaschangedbyphotoirradiation.

Whena丘1mpreparedfromtherefluxedTIP-TMAOH
soIwas heated after

Photoirradiation,1tSCryStallizationtoanatasewasnotfbundunti15000C.

Ontheotherhand,nlmsderivedfromcommercialsoIs,STS-01andSTS-21

(IshiharaSangyoKaisha,Ltd･,Osaka,Japan)containingcrystallineTiO2(anatase,d

=9nm)did not exhibitedany changein solubility afterphotoirradiation,and

OPaque丘1mswereobtained;theydissoIvedinbothwaterandtheTMAOHsolution,

even after photoirradiation.These resultsindicate that the titanate solutionis

COmPletelydifftrentfromasimplecolloidalTiO2SuSPenSion.

4.3.3.Effect ofPhotoirradiation on the Hardness and RefractiveIndices of

theTitanateFiIms

Fig.4.3shows the changesin the hardness and refractiveindices ofthe

TIP-TMAOH丘1ms with theirradiation time.The hardness data of the丘1ms

PreParedfromanalcoholicsolutionoftheTIP-DEA,WhichwereirradiatedfbrO

and40mln,arealsoincludedfbracomparison･ForTIP-TMAOH丘1ms,anabrupt

increasein the hardness and refractiveindex was observed after 20 min of

irradiationinaccordancewiththeresultofadecreaseofthesolubilitytowater.The

nlmsirradiatedforlongerthan30minwerehard(hardness2H)withrefractive

indicesofl.95tol.98.Thisobservationsuggeststhatdensi丘cation,adecreaseof

the solubility and hardening of the nlm simultaneously occurred with

Photoirradiationfbrabout20min.TheTIP-DEA丘1msweremuchsofterthanthe

TIP-TMAOH茄1ms,eVenafter40minofirradiation,aSCanbeseenfromFig･4･3･
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Figure4･3･ChangesinthehardnessandreftactiveindicesoftheTIP-TMAOH

丘1msonirradiationtime.0:hardnessofthe丘Ims;●:refractiveindicesofthe

丘1ms;ロ:hardnessofthe丘1mspreparedfbrm2-PrOPanOIsolofO･5MTIP-DEA

(月=2).

Similarly,the changesin the hardness and refractiveindices of the

TIP-†MAOHfi1msuponaheattreatmentwereexaminedasshowninFig･4･4･A

remarkablechangeinthehardnesswasobservedbetween200and2500C,anda

decreaseinsolubilitywasobservedat2000Corabove･Therefractiveindicesof

the丘1msrapidlylnCreaSedupto3500C,atWhichpointcrystallizationtoanatase

wasdetectedbyXRD,aSShowninFig･4･1(a)･Ontheotherhand,theTIP-DEA

丘1m had already become hard at2000C,SuggeSting that the hydrolysIS and

condensationoftheDEA-ChelatedTIPprogresswellbyheatinglnair･
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Figure4･4･ChangesinthehardnessandrefractiveindicesoftheTIP-TMAOH

mmsonheattreatment.△:hardnessofthe丘1ms;▲:refractiveindicesofthe

nlms;□:hardnessofthe丘Imspreparedform2-PrOPanOIsolofO･5MTIP-DEA

(R=2).

Fig･4･5showstheefftctsofphotoirradiationandaheattreatmentonthe

thicknessandrefractiveindexofTIP-TMAOH丘1ms.Thethicknessandrefractive

indiceswerecalculatedbybothellipsorpetryandUV-Visspectroscopy･Alongwith

theheatingtemperature,thethicknessofbothirradiatedandunirradiated丘Ims

decreased,andbecamealmostconstantabove4000C･Thereductioninthicknessof

thenlmsuponaheattreatmentwasrathersmallinirradiated丘1ms･There丘active

indicesoftheirradiated丘1mswerelargerthanthatoftheunirradiated丘1msupto

3000C,butwerereversedaboveacertaintemperature,being2･35and2･40at400

0Cfbrirradiatedandunirradiated丘1ms,reSPeCtively.
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Figure4･5･Efftctsofphotoirradiationandheattreatmentonthicknessand

reftactiveindexofthe丘1ms,Whichwerepreparedfroml･2MTIP-TMAOH

(R=0.4,SuCrOSe3mol%)･

4.3.4.IRandLiquidNMRMeasurements

Inordertoinvestigatethechangeinthe丘Imcausedbyphotoirradiation,IR

spectrawererecorded･Fig･4･6showstheIRspectraofapowderobtainedfrom

nlmspreparedfroml･2MTIP-TMAOH(R=0･4)･Theresultsofapowderprepared

fr｡ml.5MTEOS-TMAOH(R=0.5)solarealsoshownforacomparison･Fora

powderpreparedffomtheTIP-TMAOH丘1m,tWOabsorptionbandswereclearly

observedaround950and1500cm-1reglOnS,Whichareasslgnabletothestretching

vibrationoftheC-NbondsandthebendingvibrationoftheC-HbondsinTMA+,

respectively･After30minofirradiation,thesebandscompletelydisappeared,

indicatingthatTMA+inthe丘ImwasdecomposedbyUVirradiation･Thepowder

obtainedfromtheTIP-Choline重1mrevealedasimilardecompositionbehavior･On

theotherhand,thepowderobtainedfromtheTEOS-TMAOHnlmdidnotshow

anychangeintheIRspectrabyphotoirradiation,SuggeStingthatthetitanatelayers

playacrucialroleinTMA+decomposition･AliquidNMRmeasurementwas
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Perfbrmedinordertodetectthedecompositionproductsfbrmedbyphotoirradiation.

Thetitanatesolutionwasputinasilicatesttubeandphotoirradiatedwithstirrlng

fbrlh･InaTIP-Choline solution,trimethylaminewasdetected,indicatingthat

(2-hydroxyethyl)trimethylammmoniumion(Choline)was decomposed by

Photoirradiationin the titanate solto yield trimethylamine.In the case ofthe

TIP-TMAOH sol,nO Clear decomposition products were detected by NMR

SPeCtrOSCOPy.

4･3･5･PattcrnlngOfaTitanateFilmuslngPhotoirradiation

The results described aboveindicate thatirradiated丘1ms became hard and

insolubleinwater,andthatpatterningofthenlmmightbepossible.Fig.4.7(a)

Shows a patterned TiO2丘1m,Which was preparedfrom TIP-TMAOH(R=0.4,

SuCrOSe3mol%)byleachingthe丘Imafterphotoirradiationfbr30minthrougha

maskpattern,andsubsequentlyheatingat5000Cfor30min･Anegativepatternof

themaskwasclearlyobserved･Inthesamemanner,PatternlngWaSPOSSibleinthe

TIP-Choline,TIP-Et2NHandTIP-Et3Nsystems,butimpossibleinTEOS-TMAOH.

In the TIP-Choline system,the 丘Im becameinsoluble within 5 minutes of

irradiationwiththegenerationofastrongamineodor,beinglngOOdagreement

withtheNMRresult.

Whenthe丘ImwasmadefromtitanatesoIscontaining30mol%sucrose,the

irradiatedpartofthe丘1mwasinsolubleaswell,butreadilypeeledoffbysoaking

the丘1min water.Hence,theirradiated丘1m was directly丘red at5000Cin air

Without anyleachingprocess.Interestingly,itwas fbundthat onlytheirradiated

PartOfthe茄1mbecamecoloreddarkbrown,aSShowninFig.4.7(b).Thecolorless

andcoloredparts ofthe丘1mwere fbundtobe anataseandamorphous byXRD,

respectively.Carbonwas detectedinthe coloredpart ofthe丘1m a1loverdepth

direction by XPS,Whichis shownin Fig.4.8.Afurtherheattreatment atthis

temperaturefbrmorethan30minmadethecolored丘1mcolorless,andledtothe

CryStallization of anatase.This may have been due to the fact that thefu11

dec,OmPOSitionofsucrosewasratherdifncultintheirradiatedpartofthe丘1m･

Awidevarietyofpolyhydroxycompoundswasexaminedinplaceofsucrose.

However,Only sucrose and rafnnose,Which are di-and tri-SaCCharides,Were
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effbctivefbrthecoloring･Thecoloringoftheirradiated丘1mwasnotobservedin

theTIP-Et2NH,TIP-Et3NandTEOS-TMAOHsystems･
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Figure4.6.IRspectraofthepowderpreparedfromaqueoussoIsof(a)1･2M

TIP-TMAOH(R=0.4)and(b)l.5MTEOS-TMAOH(R=0･5)･The丘1mswere

driedatroomtemperatureandphotoirradiationwascarriedoutfbr30min･
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Figure4.7.Photographsofthepattemedanatase丘1ms,Whichwerepreparedfrom

thel.2MTIP-TMAOH(R=0.4,SuCrOSe3mol%)sol,fbllowedbyfiringat5000C

for30min.(a)TheunirradiatedpartOfthe丘1mwasremovedbyleachingand(b)

The丘lmwasfiredwithoutleachingprocess･Theirradiatedpartofthe filmwas

COloredandamorphous,andunirradiatedpartofthefilmwasanataSe･
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Figure4.8.ESCA depth profiIes ofthe(a)unirradiated and(b)irradiated

films,Whichwerepreparedfrom thel.2M TIP-TMAOH(R=0･4,SuCrOSe30

mol%)sol,払1lowedby丘ringat5000Cfor30min･
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4.4.DISCUSSION

4.4.1･ComparisonofPhotoirradiationwithaHeatTreatmentinViewsofa

DecreaseintheSolubility†Hardness)andCrystallizationtoAnatase

Thedecompositionbehaviorsoflayeredtitanate丘1mspreparedfroml･2M

TIP-TMAOH(R=0.4,SuCrOSe3mol%)solbyphotoirradiationandaheattreatment

canbeillustratedasinFig･4･9;SeVeraloftheirpropertiesaresummarizedinTbble

photoirradiation to the titanate nlms can decompose the TMA+in the

interlayer,butnotacceleratecrystallizationtoanatase,Whileaheattreatmentofthe

titanate丘ImscanleadtoanatasealongwiththedecompositionofTMA+･

Refluxlngthesoldidnotinfluencethepropertiesofthe丘1m,SuChasrefractive

index,thickness,hardnessandpatternlngbyphotoirradiationandheat-treatment,

althoughthecrysta11izationtemperaturetoanatasebecamehigherthahthatofthe

丘Im丘omthesoIwithoutreflux.

oncetheTMAionslocatedbetweenthelayeredtitanatesaredecomposedby

photoirradiation,theinterlayerdistancewouldcontractfroml･71toO･94nm,Since

the sizeofH+orH30+locatedbetweenthelayersisrathersma11comparedto

TMA+,1eadingtoacompoundwhichissimilarstructuretoHxTi(2-X′4)□x′404･H20･

Thisformationoftheprotonatedtitanateisthoughttobethemainreasonfbrthe

hardenlng,densi丘cationanddecreaseofsolubilitylnWater･Inaddition,itis

reportedthattheprotonatedtitanatecanbedissoIvedordelaminatedonlylna

highlybasicaqueoussolution,SuChastetrabutylammoniumhydroxide(TBAOH)

andethylamine･8,9Thefactthattheirradiated凸1mwasinsolubleinwater,but

solubleinaqueousTMAOH,isinagreementwiththepropertyoftheprotonated

titanate.

ontheotherhand,SuChphoto-densi丘cationwasnotfoundfbra丘1mprepared

fromaqueoussuspensionsofcrystallineTiO2(anatase),indicatingthatthelayered

titanatesoIsaremuchdiffbrentfromthesimpleTiO2SuSPenSionwithrespecttothe

structureandphotosensitivityofcolloids･
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Table4･1･Comparisonoftheirradiatedwithheattreated丘1ms･

1.2MTIP-TMAOH Heattreatrnent

(R=0.4,SuCrOSe3mol%)Photoirradiatiol一 (withoutirradiation) Remarks

Decreaseinsolubility 20min 2000C

Hardness H(20min) 6B(2000C)

Crystallizationtoanatase 5000C 3500C

Refractiveindex 2.35(5000C) 2･37(3500C)

a6H(2500C)

a2.40(5000C)

Thevaluesinparenthesesareirradiationtimeor丘ringtemperaturethatthe丘1m

WaSPrePared.

ainthecaseofheattreatment

TMA+_Titanate

(Water-SOluble)

HxTi(2-X/4)ロx/404･H20

(water-insoluble)

Figure4･9･Thedecomposition,decreaseofsolubilityanddensi凸cationofthe

gelnlmsunderphotoirradiationandheattreatment･
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4.4.2.PatternabilityandcolorlngOfapatternedfilmbysucrose

A1lofthelayeredtitanate丘1msusedinthisstudyweretransparent(morethan

90%)above320nm,andthetransmittanceat300nmwasabout55%･Thechange

duetophotoirradiationwasobservedwhenthe丘1mwasirradiatedbylightbelow

300nm.Itisreportedinseveralpapersthatthe入maxofasuspensionand茄1m

prepared丘omHxTi(2-X/4)□x/404･H20wasestimatedtobe265to268nm,andthat

theabsorptionstartedaround300nm･Accordingly,theabsorptionofthe丘1mis

asslgnabletothatofthelayeredtitanate,andthephotocatalyticreactionofthe

titanatescanoccuratwavelengthsbelow300nm･InthecaseofTEOS-TMAOH,

the丘1mwasnotafftctedbyUVirradiationbecauseitwastransparentinthereglOn

ofthelightfromasuperhigh-PreSSuremerCurylamp･

Colorlng by polyhydroxy compounds
was observed fbr only sucrose and

rafnnose,Whicharedi-andtri-SaCCharides,reSPeCtively･Sincethesaccharidescan

beregardedasbeingcarbonhydratesCx(H20)y,theymayeasilylosewatertoleave

carbonwhenheated.Asamatterofcourse,thephotodecompositionofsaccharides

mayoccur,butitisthoughtthattheirexcessamountinthelayeredtitanatecould

notbecompletelydecomposedafter30minofirradiation･Actually,WhehsoI

containlng3mol%ofsucrosewasphotoirradiated,itturnedyellow,indicatlngthat

Photodecompositionmightoccur･

ThetypeofstartingsoIsisalsorelatedtothecolorlngOftheirradiated丘1m･

ColoringoccurredinnlmspreparedfromtheaqueoussoIsfromTIP-TMAOHand

TIP-Choline,WhileaqueoussoIsfromTIP-Et2NHandEt3N,1･OMTIP-LA-NH3

(R=1,1)and TEOS-TMAOH were not qbserved･The丘Ims preparedfrom

TIP-TMAOH and TIP-Choline clearly showed alayered structure,and had

refractiveindices ofl.95 tol.98 after photoirradiation,While
丘1ms from

TIP-Et2NHandEt3Nhadverybroadpeaksasslgnabletoalayeredstructureby

XRD and Raman,and
had alower refractiveindex(～1･8)even after

photoirradiation･Films obtainedfrom the TEOS-TMAOH system had no

photosensitivity,aSeXPeCted,andhadarefractiveindexofaboutl･4･Anlm

preparedfrom
TIP-LA-NH3WaS amOrPhous,butphotosensitive･These results

indicatethatthepresenceofawell-denned,denselayeredstructurecanbeacrucial

factor ofthis colorlng･Therefore,itis thought that sucrose molecules were
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COn丘nedwithinthehosttitanatelayersdensi丘catedbyUVirradiation,andthatthe

OXidationofthe sucrosebyoxygeninairwasdifncultunderheatlngbecausethe

densincatedtitanatessuppressedthedifnlSionofoxygen.

In the TIP-Choline system,the nlm becameinsoluble within5minutes of

irradiation,While 20 minutes were required fbr the TIP-TMAOH system.

TEOS-TMAOHdidnotshowanychangeinthe丘1mproperty,andremainedsoluble

afterlong-time photoirradiation.Itis evident that thelayered titanates have

Photocatalytic activity,and that(2-hydroxyethyl)trimethylammmoniumionin

titanateisphotocatalyticallydecomposedmuchfasterthanTMA+･

ItcanbeassumedthatthedifftrenceinthedecompositionratebetweenTMA+

and(2-hydroxyethyl)trimethylammmoniumis partly related to their Chemical

StruCtureS･Forexample,ltispossibletoconsideratethatcholineisdecomposedto

generate trimethylamine･in the same manner as Hoffrnann degradation

(eliminatnion).25ThedegradationmayproceedbyanE2reaction,thatis,athermal

decompositionofquarternaryammoniumhydroxideswithaβ-hydrogenatom,aS

viewedfromnitrogenatomtoyieldalkenes,tertiaryaminesandwater･According

tothisdegradationreaction,itcanbethoughtthatcholinewithaβ-hydrogenatom

isdecomposedfasterthanaTMAionthathasnoβ-hydrogenatom･Therefbre,itis

thoughtthatthephotocatalyticdegradationreactionofcholinecanalsooccurfaster

thanthatofTMA+.

ThealcoholicsoloftheTIP-DEAandaqueoussoloftheTIP-LA-NH3SyStem

also have photosensitivity･The DEA and LA are known to make chelate

compoundswithTi･PhotoirradiationcanbreaktheTi-Obondsinthechelateby

LMCT.As a result,Ti4+is destabilized and
hydrolyzes to fbrm aninsoluble

Ti-0-Tipolymer,buttheextentofthepolymerizationwouldbelowerthanthat

takesplaceinthetitanates･

4.5.CONCLUSIONS

Itwasfbundthatthealkylammoniumionsbetweenlayeredtitanatescouldbe

decomposedbyphotoirradiationtoleadtoadecreaseintheinterlayerdistance,

hardening and densincation of the丘1ms･Although photoirradiation did not

acceleratethecrystallizationofanatase,the丘1mbecameinsolubleinwater,andhad
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ahighrefractiveindexofaround2･Oandahardnessof2H,indicativeofsome

applicabilityasasurfacemodinerofplastics,･etC･Theadditionofalargeamountof

sucrosetotitanatesoIsmadeitpossiblenotonlytoimprovethenlmunifbrmity,but

alsotodrawapatterninthe丘1ms･
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Chapter5 Aqueous Titanate SoJs fronlTiA)koxide･･

AQUEOUSTITANATESOLSFROMTi

ALKOXIDE-α-HYI)ROXYCARBOXYLICACIDSYSTEM

ANDPREPARATIONOFTITANIAFILMSFROMTHESOLS

ABSTRACT

AqueoustitanateSOIswerepreparedbyreactionsoftitaniumtetraisopropoxide(TIP)

Withα-hydroxycarboxylic acidsin water.Spin-COating oftitania(TiO2)thin丘1ms

PreParedftomthesesoIswasexamined.IRandRamanspectra,andelementalanalysis

Ofthepowderobtained舟omthesoIsrevealedthatthecarboxylateswerechelatedto

titaniumbutthe TispecieswerepolymerizedtoformaClusterthathadaco1loidal

nature.Interestingly,itwasfoundthat(004)prefヒrentiallyorientedanataSe凸1mswith

re丘activeindexof2･54wereobtainedfromTIP-Lacticacid-NH3(1:1:1)aqueoussol.

ThiscrystallographicorientationwascharacteristicoftheTIP-Lacticacid-NH3(1:1:1)

SyStem,andwasnotafftctedbykindsofsubstratesusedandheatingrateofthe丘1m.

TEMobservationindicatedthatsmallanatase
grainshadalready fbrmedat2000C.

Therefore,thecrystallographicorie11tationmightdependstronglyonthestructureofthe

Chemicalspeciesoftheprecursorsolutions.

5.1.INTRODtJCTION

Anatase-tyPe titanium dioxide(TiO2)is attracting much attention to new

applications such as self-Cleanlng,anti-fbgglng and/or hydrophilic films.Sol-gel

processlnglnCludingdipTOrSPln-COatlnglSCOnSideredtobeoneoftheconventional

methodsforthepreparationofsuchfilms.Intheprocesslng,1tisimportanttoconsider

thestabilizationoftheprecursorsolution,andtheuseofwaterasasoIventandthe

reductionoforganiccontentmlユStbemorebenignfbrourenvironment.

Thestabilizationoftitanlumtetraisopropoxide(Ti(OPri).‥TIP)usingchelating
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1igands has been reportedin Chapter l.It was found that acetoin

(3-hydroxy-2-butanone),One Ofα-hydroxyketones,had an extraordinarily strong

Stabilizatione飴ctforthe2-PrOPanOIsolutionofTIRandaneXCeSSamOuntOfwater,in

themolarratiomorethan30,COuldbeaddedintothesolutionwithoutoccurrenceof

gelationorprecipitation.1Furthermore,thereactionofTIPwithlacticacid(Lac-H2)

wasfoundtogivetheaqueoussolutioneven~inthemolarratioofR=1(R=Lac-H2/TIP).

Interestingly,the(004)preferentiallyoriented anatase丘1ms were obtainedfromthe

TIP-Lac-NH3(R=1:1)system.2

Thecontrolofcrystallographicorientationofthe丘1msisalsoimportantandessential

issue.ForinstanCe,anataSeis optica11yuniaxialcrystalandshows doublerefraction

(no=2.5612,ne=2.4880).3sincethehighestrefractiveindex(2.56)ofanatasecanbe

Observedinthedirectionofc-aXis,higherrefractiveihdexcanbeexpectedintheform

Ofthe(002)oriented丘1mthanthatofrandom orientation(2.52).In addition,itis

reportedthatthe(004)orientedanatase丘1mthatwaspreparedbyMOCVDrevealed

highphotocatalyticproperty･4

There aremanypapersandpatentsregardingwater-SOlubletitaniumcomplexes

uslng OXalato,1actato and citratoligands5-12based on the chemicalformula:

(NH4)2[Ti(C3H403)2(OH)2],forexample.Generallythetitaniumatomsarecoordinated

by two molecules of aligand to satisfysix-COOrdination･However,the titanium

COmPlexes stabilized with afewerligand molecules are the better because higher

titaniumcontentwouldbeeconomicalstartingmaterialsfbrvariouscompounds.Sofar,

noreportsrelatingtotheorientationoftheTiO2丘1mspreparedfromaqueoussolution

havebeenpublished･Inthischapter,thepreparationandpropertiesofaqueoustitanate

solution uslng TIP andα-hydroxycarboxylic acids,and the factors to controlthe

Orientationwereinvestigated.

5.2.EXPERIMENTALPROCEDURE

5･2･1･PreparationofChelate-StabilizedTitanateSoIs

Inthisstudy,α-hydroxycarboxylicacidswereemployedaschelatingligandsfor

thepreparationofaqueoustitanatecomplexes,andthestructureofwhichwasshownin

Fig･5･1･Abbreviationandsubstituentsoftheacidswerealsoshown･㍑H2日inGly-H2,

for example,designates two dissociable protons:Oneis an active hydrogen with
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carboxylicacidandtheotherisahydrogenofα-hydroxygroup･Inthefreecompounds

(Whentheyarenotcoordinated),theformerismoreproticthanthelatter･Oxalicacid,

oneofdicarboxylicacidHOC(0)COOH,WaSalsoexaminedbecauseitcanberegarded

asanα-hydroxycarboxylicacid･

Allreagentsusedinthisstudywereusedasreceived丘omW址oPureChemical

Industries,Ltd.,Osaka,Japan.Titaniumtetraisopropoxide(Ti(OPrt)4:TIP)wasused

aRerdistillationunderreducedpressure(3mmHg,800C)･Apreparationofaqueous

titanatesoIswasexaminedbydirectlymixlngTIPwiththeα-hydroxycarboxylicacids

inairatroomtemperature,fo1lowedbyadding■suitableamountofwatersothatthe

titaniumconcentrationwasa4justedtol.OM.ThemolarratiooftheseadditivestoTIP

ishenceforthabbreviatedasR.

Y

l
X-C-COOH

l
O些

α一Hydroxycarboxylicacids

α-Hydroxycarboxylic

acids

substituents

abbrev. X Y

Glycolicacid Gly-H2 H H

DL_Lacticacid Lac-H2 H CH3

2-Hydroxyisobutylic Hyd-H2 CH CH3

acid 3

(±)-Mandelicacid Man-H2 H C6H5

0xalicacid Ox-H2 =0

Figure5･1･Structuresofα-hydroxycarboxylicacidsusedinthisstudy･
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5.2.2.PreparationofTiO2ThinFilms

TiO2thin丘1mswerepreparedbyaspln-COatingmethodontoeitherborosilicate

glass(ComingInc,#7059)or aluminosilicate glass(ComingInc,#1737).For

SPin-COating,the substrate on which the titanate solution(1.O M,50-200トLl)was

droppedandheldfor30sec,WaSrOtatedat6000rpmfor30sec.Thecoated丘1mswere

directlyintroducedintoahorizontalfurnaCeelectricallyheatedataglVentemPeraturein

advanCe,andthenheatedinairfor30min.

5.2.3. Characterizations

Infrared(IR)spectraofthepowderdriedfromthesolutionwererecordedwitha

spectrophotometer(PERXIN-ELMER System2000FT-IR)in the4000-400cm~1

WaVenumberrange(KBrmethod).Thechemicalspeciesinthesolutionsorprecipitates

Were eXamined by elementalanalysis(CHN
CORDER MT-6,%nako Analytical

InstrumentSCo.,Kyoto,J叩an),andthermogravimetricanddiffbrentialthermalanalysis

(TG-DTA,ModelsDTA50andTGA50,Shimadzu,Kyoto,Japan)ataheatingrateof

50C･min-1fromroomtemperatureto8000Cunderflowlngdryair･Liquid-State

13c-NMRspectra(ModelFT-NMRalpha-400,JOEL,Tbkyo,Jqpan)weremeasuredat

roomtemperatureunderanextemalmagnetic丘eldHb=9.4Twiththeinternalstandard

Ofsodium2,2-dimethyl-2-Silqpentane-5-Sulfonate(DSS).The specimens weremixed

WithD20inasampletubewithadiameterof5mm.Aqueoustitanatesolutionswere

examinedalsobyRamanSPeCtrOSCOPy(NR-1800,JASCOCo.,Tbkyo,Japan).ThepH

WaS meaSured by pH Meter F-13,Horiba Ltd･,Kyoto,Japan･XRD pattems were

recorded(ModelGeigerflex,Rigaku Co.,Tbkyo,Japan)on using graphite

monochromatedCuKg radiationwithascannlngSPeedof20/minoverthe20rangeof

20-700.Thethicknessandrefractiveindexof五1msweremeasuredbyanellipsometer

(DVA-36VMW,MizozqjiriOpticalCo･,Ltd･)equippedwithaHe-Nelaser(632･8nm),

andUV-Vis spectrometer(HitachiU-3500)･The microstructures ofthe丘1ms
were

observedbyTEM(ModelH-8100,Hitachi,Tbkyo,Japan),uSinganacceleratingvoltage

of200kVSamplesforTEMobservationof丘1mswereprepareduslngaCOnVentional

crushing method,13and allthe observations were performedin a cross-SeCtional

orientation･Changesin crystalline phase were determined uslng XRD and

selected-area-electrondifB･aCtion(SAD)TEMpattemsofthe丘1ms.
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5.2.4.ReactionofTIPwithα-HydroxycarboxylicAcidsandExaminationofthc

ChemicalSpeciesScparatedfromtheSolutions

5.2.4.1.ReactionofTIPwithGlycolicAcid

When3.OmlofTIP(10mmol)wasmixedwithl･52gofglycolicacid(Gly-H2,

R=1,10mmol),fo1lowedbyaddingpurewater,eXOthermicreactioninstantlyoccurred

toglVeaSOlidmass･ARerstirringfor24h,theprecipitateswerecentrifuga11yseparated,

andthenwashedbydeionizedwater･Thisseparation-tVaShingprocesswasrepeated

threetimes,andnnallydriedinvacuoatroomtemperature･TheelementalanalysISOf

thepowdergavetheresults･Found:H:2･03,C:9･84,Ti:40･68%･CalcdforC2H407Ti2,

Ti203(Gly)･H20:H:1.71,C:10.19,Ti:40･61%･ForR=2,Found:H:2･04,C:12･50,Ti:

36.87%.CalcdforC4H8012Ti3,Ti304(Gly)2･2H20:H:2.06,C:12･26,Ti:36･67%･

2-Hydroxyisobutylicacid(Hyd-H2)andmandelicacid(Man-H2)werefoundtobehave

similar1yasglycolicacidandgavethefo1lowingresults･ForHyd-H2(R=1),Found:H:

3.57,C:25.25,Ti:29.38%･ForR=2,Found:H:3･81,C:27･95,Ti:27･44%･Calcdfor

C4H805Ti,Ti0(Hyd)･H20:H:4.38,C:26･11,Ti:26･02%･ForMan-H2(R=2)system,

Found:H:3.57,C:41.22,Ti:19.83%.CalcdforC8H805Ti,TiO(Man)･H20:H:3･48,C:

41.41,Ti:20.63%.

5.2.4.2.ReactionofTIPwithLacticAcid

When3.OmlofTIP(10mm01)wasmixedwithO･75mloflacticacid(R=1,10

mmol),fo1lowedbyaddingpurewater,eXOthermicreactioninstantlyoccurredtogivea

solidmass.However,thesolidproductwasgraduallydissoIvedunderstirrlng,anda

clearsolutionwiththeconcentrationofl.OMwasobtainedwithinafewweeks.The

solutionwasverystableformorethanOneyear･AnexcessamountOfl-butan01tothe

solution caused precipitates･The precipitates were separated by丘1tration,WaShed

severaltimesbyl-butanOl,andfinallydriedinvacuo･Theelementalanalysisofthe

powdergavetheresults･Found:H:2･70,C:13･12,Ti:37･62%･CalcdforC3H807Ti2,

Ti203(Lac)･2H20:H:3･2P,C:14･31,Ti:38･02%･ForR=2,Found:H:3･06,C:16･21,Ti:

30.54%.CalcdforC9H18017Ti4,Ti405(Lac)3･3H20:H:3.07,C:18.33,Ti:32･47%･

5.2.4.3.ReactionofTIPwithOxalicAcid.

3.OmlofTIP(10mmol)wasdirectlyaddedinto2･52gofoxalicaciddihydrate
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(R=2,20mm01),almostexothermicallyaffbrdinganopaqueco1loidalsolutionunder

Stirring.Then,the degree oftransparency ofthe solutionincreased with time,and

丘nally a clear solution(1M)was obtainedwithinaftwhours.Aprecipitate was

Obtainedbyanadditionofexcessamountof2-PrOPanOltothesolution,SeParatedby

丘Itration,WaShed5timesby2-PrOPanOltoremoveunreactedoxalicacid,and丘na11y

driedinvacuo.InthecaseofR=1,thereactionofTIPwithOx-H2reSultedinprecipitate,

theprecipitatewasseparatedbythesamemannerasR=2.TheelementalanalysISOf

bothpowdersgavethesameresult.ForR=1,Found:H:2.22,C:12.95,Ti:24.42%.For

R=2,Found:H:2･12,C:13･11,Ti:25･20%･CalcdforC2H407Ti,TiO(Ox)･2H20‥H:

2.15,C:12.78,Ti:25.48%.

5.2.4.4.ReactionofAqueousTitanateSolutionswithAmmonia.

0.6gof28%aqueousammOniasolution(R=1,10mmol)wasaddedtothe20ml

OfO.5MaqueoussolutionofTIP-Lac(R=1),yieldingcolorlessclearsolution.A氏er

Stirringfor24h,theadditionoflargequantityof2-PrOPanOltothesolutioncauseda

PreCipitate.The precipitate was separated by mtration,WaShed by2-PrOPan01,and

丘nallydriedundervacuumatroomtemperature.TheelementalanalysISOfthepowder

gavethe results.Found:H:4.18,C:17.58,N:5.54,Ti:28.36%.Calcdfor C15H44

N4028Ti6,(NH4)4Ti609(Lac)5･4H20:H:4.37,C:17.74,N:5.52,Ti:28.28%.ForR=2,

Found:H:5.22,C:23.00,N:7.13,Ti:19.07%.Calcd fbr C15H42N4021Ti3,

(NH4)4Ti303(Lac)5･3H20:H:5.58,C:23.76,N:7.34,Ti:18.94%.

ReactionofTIP-Ox(R=2)withammonia(R=2)wasfoundtobehavesimilarlyas

TIP-Lac-NH3SyStemandgavethefo1lowlngreSults.Found:H:3.48,C:15.76,N:8･90,

Ti:15.88%.CalcdforC4HlON2010Ti,(NH4)2TiO(Ox)2･H20:H:3.43,C:16.34,N:9.53,

Ti:16.28%.Inthe case ofTIP-Ox-NH3(R=1:1),aPreCipitate derivedfromTIP-Ox

(R=1)wasnotdissoIvedbyadditionofammonia.Theprecipitationwasseparatedby

丘Itration,WaShedby2-PrOPanOl,and丘nallydriedundervacuumatroomtemperature･

Found:H:2.96,C:11.98,N:6.30,Ti:23.45%.Calcd for C4H14N2014Ti2,

(NH4)2Ti203(Ox)2･3H20:H:3.44,C:11･72,N:6･83,Ti:23･36%･

5.2.4.5.DriedPowderfromCommercialAqueousTitanateCompIcx

Commercially available aqueous titanium complex,bis(ammoniumlactato)

100



Chapter5 Aqueous Titanate SoIs f血一一TiAlkoxide…

titaniumdihydroxyde:[CH3CH(0-)COONH4]2Ti(OH)2(AIJ,Aldrich,50%aqueous

solution)was precipitated
by addition ofexcessamOunt Of2-PrOPanOl,and the

precipitatewasseparatedbynltration,WaShedby2-PrOPanOl,and血allydriedunder

vacuumatroomtemperature･Found:H:5･50,C:24･26,N:7･14,Ti:19･02%･Calcdfor

C15H42N4021Ti3,H:5.58,C:23･76,N:7･34,Ti‥18･94%,Whichwerealmostthesameas

thoseforthesamPleobtained丘omTIP-Lac-NH3(R=2:2)system･

5.3.RESUu憎

5.3.1.ReactionofTIPwithα-HydroxycarboxylicAcids

Tbble5.1showsthee飴ctofthecarboxylicacidsonthepreparationofaqueous

titanatesolutions,tOgetherwiththepHofthesolutionbeforeandafterTIPaddition

([Ti]=0.1M)･Thep亀valuesoftheacidsarealsoincludedinthistable･14,15

AllofthereactionofTIPwiththeα-hydroxycarboxylicacidswereexothermic,

yielding丘rstwhiteprecipitates･ThepreciわitatesderivedfromtheTIP-Gly,TIP-Hyd

andTIP-ManremainedundissoIvedregardlessofRevenafterstirringforalongtlme･

Ontheotherhand,theprecipitatespreparedfromtheTIP-Lac(R=1and2)andthe

TIP-0Ⅹ(R=2)wereslowlydissoIvedtogivehomogeneousclearsolutionswithinafbw

weeksfortheformerandwithinafewerhoursforthelatter.AtleastequlmOlaroflactic

acidtoTi(R=1)wasrequiredtoformtheaqueoustitanatesolution,andoxalicacid

morethanequlmOlaramountswasneeded･Similarly,itwasconnrmedthataqueous

titanatesolutioncouldbeprepareduslngCitricacidandtartaricacid･Interestingly,the

aqueousclearsoIswereobtainedirrespectiveoftheorderofadditionamongTIR

carboxylicacidsandwater.WhenaHe-Nelaser(632･8nm)wasirradiatedtotheseclear

solutions,thetraceofthelightpassagethroughthesolutionswasclearlyobserved,

indicativeofthecolloidalnature.ThepHvaluesofthesolutionsorsupernatantranged

from O.84to2.34,Which are slightly smaller than those of the solutions of

α-hydroxycarboxylicacidbeforeTIPaddition･ThepKavaluesoftheacidsdidnothave

nothing to do with whether clear solutions
were prepared or not･However,the

substituents(XandYinFig.5.1)hadacrucialefftctontheformationoftheaqueous

solutions.

Interestingly,theprecipitatesweredissoIvedtoglVeClearsolutionswhenequlmOlar

ofammonia,alkylaminesandquarternary ammOniumhydroxideswas addedtothe
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SuSPenSion･Forinstance,it was connrmed that tetramethylammonium dioxalato

OXOtitanate(IV)trihydrate:[(CH3)4N]2[TiO(C204)2]･3H20could be preparedfrom

TIP-Ox-TMAOH(R=2:2).16

Tbble5･1･E飴ctofα-hydroxycarboxylicacidsonthepreparationofaqueoustitanate

SOlutions.

Carboxylicacids pKa R pHa State(pH

Gly-H2

Lac-H2

Hyd-H2

Man-H2

Ox-H2

3.62 1

2

3.64 1

2

3.77 1

2

3.41 1

2

1.27 1

2

2.25

2.09

2.08

1.94

2.32

2.18

2.01

1.86

1.07

0.92

Precipitation(2.34)

Precipitation(2.06)

Clearsolution(2.03)

Clearsolution(1.86)

Precipitation(1.77)

Precipitation(1.39)

Precipitation(1.71)

Precipitation(1.38)

Precipitation(1.21)

Clearsolution(0.84)

aaqueoussolutionbeforeTIPaddition

bfor homogeneous or supematant SOlutions aRer TIP addition;tOtaltitanium

concentrationwasO.1M

5･3･2･ ChemicalComposition of the Powder Prepared n･Om TIP-α-

HydroxycarboxylicAcids

ElementalanalysISWaSCOnductedinordertoinvestigatethecompositionofthe

isolatedsolutionspeciesortheprecipitates.Thble5.2showstheestimatedchemical

COmPOSitions ofthe powderpreparedfrom aqueous solofTIP-0トCarboxylic acids,

together with theligand/Tiratios(whichis shownby R')that were based on the

estimated composition.There were some cases that the calculated values were

SOmeWhatdi脆rent丘omtheobservedvalues,indicatingthatthepowderwouldnotbea

PurePrOductbutamixture.Carboxylateswererecognizedinallsamplesevena氏er
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washing,SuggeStingthattheseacidsareincorporatedinthestructuralunitformedbyTi･

Ifareactionproceededwithitsstoichiometry,theR,shouldbeequaltoR･Exceptfor

theTIP-Ox-NH3SyStem,theligand/Tiratio(R')wassmallerthanthestartingratioR･In

the TIP-α-hydroxycarboxylic acids except Ox-H2,the R,rangedfrom
O･5tol

regardlessofR,andasthestructureofthecarboxylicacidswaslarger,theR,tendedto

beclosetol.FromthemagnitudeoftheR,,theorder,Man-H2>Hyd-H2>Lac-H2>

Gly-H2mightbeconsideredforthechelatestrengthandstabilitytoTiatom･The

powderprepared丘omthecommerciallyavailableaqueoustitanatesolution(ALT)had

thesamecompositionasthat丘omtheTIP-Lac-NH3(R=2:2),butdidnotconsistentto

thenominalcompositionofthereagent[CH3CH(0-)COONH4]2Ti(OH)2,SuggeSting

thatthelactatocomplextendedtoreleaselactatoligandstopolymerize･Inthecaseof

TIP-Lacsystem,Clearsolutionscouldbeobtainedevenwhen2-PrOPanOIwasusedasa

soIventinstead ofwater.The powder prepared by evaporation ofthe solution of

TIP-Lac(R=2)underreducedpressurehadacompositionofTi:Lac=1:2･Whenthe

samereactionwasconductedin2-PrOPan01containingfburtimesmolarofwatertoTi,a

homogeneoussolutionwasobtained･Howeverthepowderseparatedbyevaporationof

thesolutionwasfoundtohaveacompositionofTi‥Lac=1:1･Theseobservations

suggestthatthepresenceofwateracceleratedthehydrolysISandpolycondenzationof

theTi-Laccomplextoyieldthepolymerizedspeciesandfreelacticacidthatcouldbe

removedinvacuo.Therefore,hydrolysisandpolycondenzationofTi-Laccomplexare

thoughttoproceedinwatersoIvent･

Ontheotherhand,thepowderpreparedfromTIP-Ox(R=1and2)wasestimatedas

TiO(Ox)･2H20,but the powderfrom TIP-Ox-NH3(R=1:1and2:2)kept their

stoichiometry.WhilethepowderpreparedfromtheTIP-Ox-NH3(R=1:1and2:2)was

readilysolubleinwater,thepowderfrombothTIP-Lac(R=1and2)andTIP-Lac-NH3

(R=1:1and2:2)tooktimetodissoIveinwater･Theseobservationsindicatedthatthe

chelateefftctofoxalatoligandwaslargerthanthatoftheotherα-hydroxycarboxylato

ligandssuchaslactate,andstableoxalatotitaniumCOmPlexwouldbeformed･

103



Chapter5 Aqueous Titanate SoIsfro111TiAlkoxide‥

Tbble5.2.Estimated chemicalcomposition ofthe powder preparedfrom TIP-α-

hydroxycarboxylicacids.

System R Estimatedchemicalcompositiona Ligand/Tiratio(R,)

TIP-Gly

TIP-Lac

TIP-Lac-NH3

ALT

TIP-Hyd

TIP-Man

TIP-0Ⅹ

TIP-Ox-NH3

1 Ti203(Gly)･H20

2 Ti304(Gly)2･2H20

1 Ti203(Lac)･2H20

2 Ti405(Lac)3･3H20

1:1 (NH4)4Ti609(Lac)5･4H20

2:2 (NH4)4Ti303(Lac)5･3H20

(NH4)4Ti303(Lac)5･3H20

lor2 TiO(Hyd)･H20

2 TiO(Man)･H20

lor2 TiO(0Ⅹ)･2H20

1:1 (NH4)2Ti203(Ox)2･3H20

2:2 (NH4)2TiO(Ox)2･H20

abasedonelementalanalysis

5.3.3.TG-DTA

DecompositionbehaviorsofthepowderpreparedfromtheTIP-Lac-NH3(R=2:2)and

TIP-Ox-NH3(R=2:2)areshowninFig.5.2.InFig.5･2(a),tWOmainexothermicpeaks

With gentle massloss were observedin the TIP-Lac-NH3SyStem･The TG-DTA

thermogramsofthepowderpreparedfromcommercialAIJwerealmostthesameas

thatoftheTIP-Lac-NH3(R=2:2),SuggeStingthesamecompositionandstructure.InFig･

5.2(b),thedecompositionbehaviorofTIP-Ox,NH3(R=2:2),WaSSimilar-tothatof

PH.)2TiO(C20.)2･H2017andquitedi鮎rentfromtheTIP-Lac-NH3SyStem.Three

StePSinmasslosswereobservedintheTGcurve･Thenrsttwostepscorrespondedto

thedesorptionanddecompositionofwaterandammoniaandoxalatoligand･Thelast

weightreductionwasabout6wt%,COrreSPOndingtothelossofonemoleculeofwater･
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200 400 600 800

Temperature/OC

200 400 600 800

Temperature/OC

Figure5.2.TG-DTAofthepowderpreparedfromthe soIs of(a)TIP-Lac-NH3

(R=2:2)and(b)TIP-Ox-NH3(R=2:2).
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5.3.4.IRandRamanSpectra

Figure5.3showstheIRspectraofthepowderpreparedfromaqueoussolutionof

TIP-Lac and TIP-Lac-NH3SyStem.The spectrumfor the powder preparedfrom

Titanium(IV)bis(ammoniumlactato)dihydroxide:[CH3CH(0-)CO2NH4]2Ti(OH)2

(Aldrich,50%solution:AIJ)isalsoshownforcomparison.Lacticacid(Fig.5.3(f))

showeditscharacteristicabsorptlOnbandsat1733and1220cm･1asslgnabletothe

StretChvibrationofv(C=0)andv(C(0)-0),reSPeCtively.Thebandsatl130andlO60

cm-1canbeassignedtovibrationofthemethylgroupv(CH3-C)andthev(C-0)ofthe

父
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Figure5.3.IRspectraofthepowderpreparedfrom(a)TIP-Lac(R=1),(b)TIP-Lac

(R=2),(C)TIP-Lac-NH3(R=1:1),(d)TIP-Lac-NH3(R=2‥2)and(e)AILandof(f)

neatlacticacid(1iquid丘1mmethod).
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α-hydroxygroup.WhenitreactedwithTIPatR=1and2,thev(C=0)at1733cm-1was

shiftedto1659and1569cm.1as showninFig.5.3(a,b).The spectra showed

absorptionbandsat1659and1569cm-1asslgnabletotheantisymmetricstretchmodes

ofthe chelate and non-Chelate(freelactateion),reSPeCtively.Thus,tWO mOdes of

interactionwithTiwereobservedintheTIP-Lacsystem.InFig.5.3(c-e),theclearpeak

at1400cm-l,Whichwasfoundforammoniumderivatives,1Sattributabletothebending

vibrationof8P-H)inNH4+.ThespectraforTIP-Lac-NH3(Fig･5･3(C,d)was

COmPletelythesameaSthatforALr･

Figure5.4showstheRamanspectraofTIP-Lac-NH3SyStemandAulandthoseof

anatase,rutileandlayeredtitanateH2Ti409arealsoshownforcomparison･Thepattems

.n.でL倉s∈0)占

800 600 400 200

RamanShi氏/cm-1

Figure5.4.Raman spectra ofthe powder preparedfrom aqueous soIs of(a)

TIP-Lac-NH3(R=1:1),(b)TIP-Lac-NH3(R=2:?),(C)AIユ(d)H2Ti409,(e)anatase

and(f)rutile.
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forthesetitanatesoIswerecompletelydi脆rent丘omthoseoflacticaciditself(Fig.5.

4(d)),anataSe(Fig･5･4(f)),rutile(Fig･5･4(g))layeredH2Ti409(Fig.5.4(e)),and

titanicacid(Ti0(OH)2,nOtShown)thatpreparedbyhydrolysisofTInindicatingthe

PreSenCeOfacertainTi-0frameworkcontrolledbythecoordinationoflactatoligands･

5.3.5.LiquidStateNMR

Liquidstate13cNMRwasmeasuredtomakesureofthestateoftheaqueous

titanatesoIs.IntheTIP-Lac(R=lor2)system,thepatternswerealmostthesameas

thatoffreelacticacid･InthecaseofAIJandTIP-Lac-NH3(R=2:2),theclearsignalsat

85and191ppmasslgnabletomethineandcarbonylcarbonwereobservedbutdi飴rent

fromthoseoffreelacticacid(69and181ppm,reSPeCtively).Thesignalsassignableto

丘eeammoniumlactatewerealsodetected.Theseobservationssuggestthatlactateacted

asbidentateligands,butexistedequibriumbetweenlactatoligandandfreelactateionin

aqueousmedium.

Ontheotherhand,theslgnalsfromcarbonylcarbonsoftheTIP-OxandTIP-Ox-NH3

SyStemSWereObservedonlyat170ppm,Whichisdi脆rentfromthatoffreeoxalicacid

(164ppm)andammoniumoxalate(176ppm),indicatingthattheoxalatocomplexwas

morestablethanthelactatocomplex.

5.3.6.PreparationofTiO2ThinFilmsbySol-GelTbchnique

5.3.6.l.EffbctofSoIutionSpecies

Using the aqueous soIs([Ti]=1.O M)described above,TiO2thin films were

PreParedonglassplatebyspln-COatingmethod.Figure5.5showstheinfluenceofthe

StartingsolutionsonthecrystalphaseofTiO2五1msheat-treatedat6000Cfor5coatings.

Whereasthe丘1ms丘redat6000Cconsistedofsingle-Phaseanatase,the丘1mprepared

fromTIP-Citricacid-NH3SyStemgaVebothanataseandrutile.Itisreportedthatthe

formationofrutileatlowertemperaturesuchas6000Cpartlyrelatedtotheorganic

contentofthechelate･lcomparlngtheintensitiesofthediffhctionpeaksofthe丘1ms

WiththedatafromJCPDS,itwasobservedthat.theintensityofthe(004)di緻action

PeakintheTIP-Lac-NH3(R=1:1)systemwasratherstrongandtheintensityofthe

(101)di緻actionpeakwasrelativelyweakinstead,SuggeStingtheorientationto(00P).

ThisstrongorientationwasnotobservedfromATLortheTIP-Lac-NH3(R=2:2)andthe
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otheraqueoussoIsusedinthisstudy･The丘1mpreparedfromTIP-TMAOH(R=0･4)

seemedhighlyorientedto(101)butitwasacleavageplane･Therefore,itwasfoundthat

thecrystallographicorientationofthe丘1mwas characteristic ofthe TIP-Lac-NH3

(R=1:1)system.
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Figure5･5･XRDpatternSOfthethin丘1mspreparedat6000CfromaqueoussoIsof

(a)TIP-Lac(R=1),(b)TIP-Lac(R=2),(C)TIP-Lac-NH3(R=1:1),(d)TIP-Lac-NH3

(R=2:2)(e)Aul(f)TIP-TMAOH(R=0.4)and(g)TIP-Citricacid-NH3(R=1:1)･
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5･3･6･2･E恥ctofHeatTreatmentontheCrysta1lographicOrientationofTiO2

Films

Figure5･6showstheefftctof血ingtemperatureontheXRDpatternsoftheTiO2

thin丘1mspreparedfromtheTIP.Lac-NH3(R=1:1)sol･Pureanatase丘1mspreferentially

Orientedto(004)planewereobtainedfrom500to7000C,butthe丘1mspreparedat400

0Cwerebrownish,indicativeofcarbonaceousresidue･Theintensityofthe(004)peak

WaSincreasedwith丘ringtemperature･Therefractiveindexofthe丘1m血edat7000C

WaS2･54,Whichwascomparabletothevalueofno(2.5612),andisconsideredtobethe

highestvalueinsol-gelmethod.
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Figure5･6･FiringtemperaturedependenceofXRDpatternsoftheTiO2thin丘1ms

froml.OMTIP-Lac-NH3(R=1:1)system.
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Whenthe丘Impreparedat400OCwas丘redat7000Cfor30mln,theintensityof

the(004)difn･aCtionpeakbecamestrongasshowninFig.5.7,SuggeStingthatthesmall

anatasegrain suitablefor(00e)orientationmayalreadyexistedinthe丘1m,andthe

furtherheat-treatmentathighertemperatureacceleratedthegraingrowth.Theheatlng

rateofthe丘1mon丘ringhadnoefEbctonthecrystalorientation.
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Figure5.7.Efftct ofpostheat-treatment Ofthe丘1mprepared at4000Cfor5

COatings.
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5.3.7.EffbctofSubstrateontheCrystallographicOrientationofTiO2Films

Kato etal.reportedthatthe(004)orientationwasinducedbythegenerationof

Carbondioxideandthethermalexpansiondi飴renceinthequartz-glasssubstrateand

TiO2丘Im.18,19In this study,nVe kinds of substrates(Coming#7059,#1737,

quartz-glass,SinglecrystalAl203andZrO2)wereexamined.Figure5.8showstheXRD

PatternS OfTi02thinfilms coated5times on various substrates.No slgni丘cant

di飴rencesinorientationwereobservedat6000C.Whileslngle-Phaseofrutilewas

ObtainedonSiO2SubstrateatlOOOOC,bothanataseandrutilewereobservedonA1203

Substrate.Therefore,itis concluded that the substrate had no efftct on the anatase

CryStalorientation.

.n.で倉s已ひ召Ⅰ
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DiffractionAngle,20/deg.(CuKα)

Figure5･8･E飴ctofsubstratesonXRDpatternsofthethin丘1mspreparedat600

andlOOOOCfroml.OMTIP-Lac-NH3(R=1:1)system.
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5.3.$.TEMObserYa鰯on

Figure5･9showsTEMimagesoftheTiO2thin丘1mpreparedat7000C蝕omlM

TIP-Lac-NH3(R=1:1).Thefi1mconsistedofpureanatasewithgranulargrainabout40

nm.Theselected-areaelectrondi飴action(SAD)pattemrevealedtheexistenceof(101)

aswellas(004)di飴actionofanataSe,SuggeStingtheincompleteorientation･1twas

connrmedthattheanataSe五lmprepared録omaqueoussolofTIP-TMAOH(R=0･4)also

consistedofgranulargralnwith30nm･

Figure5･10showstheSADpattemofthepowderpreparedat200and4000Cfbr

30min･Bothpattemsshowedthedi於actionofanatase,indicatingthatanataSealready

formedat2000C.

Figure5･9･TEMimagesandSADpattemoftheTiO2thin五1mnredat7000C丘om

l.OMTIP-Lac-NH3(R=1:1)system･
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Figure5.10･SADpatternSOfthepowderfiredat(a)4000Cand(b)2000Cfor30

min.ThepowderwaspreparedfromTIP-Lac-NH3(R=1:1)･

5.4.DISCtJSSION

5.4.l.ReactionofTIPwithCarboxyIicAcidsinWater

ThereactionofTIPwithlacticacidinwatermayconsistofbothhydrolysISOfTIP

andchelationoftheacidtoTi,althoughtheactualreactionisconsideredtobemore

COmplicated･ForR=2,

Ti(OPri)4+2Lac-H2+H20
≠ H2[TiO(Lac)2]+4PrioH (1)

2H2[TiO(Lac)2]さ H2[Ti202(Lac)3]+Lac-H2 (2)

H2[Ti202(Lac)3]+H20≠H2[Ti203(Lac)2]十Lac-H2 (3)

Inaqueousmedium,theremayexistadissociationequilibriumbetweenlactatocomplex

andlacticacidasshownbyeq.(2).Accordingly,eXCeSSam0untOflacticacidorlactate

ionsuchasR=2wouldactasastabilizerofthecomplex･Ifammoniaisaddedtothe

solution(eq.(1)),neutralizationreactionoccurs･

H2[Ti203(Lac)2]+2NH3→PH4)2[Ti203(Lac)2]+H20

Lacticacidasachelateligandisconsideredtohaveamoderatechelatlngability･The

lactatocomplexesoftitaniumwerehydrolyzedandpolymerizedtosomeextent(eq･(3)),
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formlngaCluster.TheclusterisstabilizedbythechelatesandbecomesTiO2byheat

treatment.Itcanbethoughtthatthegeometricstructureoftheclustermainlydepends

OnRandtypeofthechelateusedandpH･Ontheotherhand,althoughthereactionof

TIPwithoxalicacidisconsideredtobethesamemarmerdescribedabove,thestability

COnStantOftheoxalatocomplexwouldbemuchlargerthanthatofthelactatocomplex.

Actually,itisreportedthatthestabilityconstantsofsomeoxalatocomplexarelager

thanthatoflactato,s.15

5.4.2.InfluenceofaClusterFormationontheCrystallographicOrientationand

ParticleGrowthofTiO2ThinFilms

There are severalpapers relatingto the TiO2丘1ms with oriented(004)plane.

Koumotoetal.20reportedthatthecrystalplanes(004)tetragonalunitcellwerehighly

Oriented parallelto the substrate byliquid phase deposition(LPD)process using

aqueous(NH4)2TiF6SOlution,andtheorientationwasduetotheheterogeneoussurface

nucleationandgrowthprocess.

In conventionalsol-geltechnlque uSlng aicohoiic solution ofcheiate-Stabiiized

titaniumalkoxides,thenucleationandgraingrowthofthegel丘1msaregenera11ycaused

by decomposition of the chelates under heat treatment,because hydrolysISand

COndensation of the precursor solution are highly controlled by chelateligands.

ConcemlngtheTiO2thin丘1msprepared丘･Om2-PrOPanOIsolofTIP-DEA-H20,Ohyaet

al･21reportedthatthewayofparticlegrowthstronglydependedontheheatingrate･

Columnargrainsweregrownbyrapidheatlngandgranulargrainsbyslowheating.

However,intheTIP-Lac-NH3(R=1:1)andTIP-TMAOH(R=0.4)systems,TEM

Observationshowedthatthefi1msconsistedofgranulargrainsinspiteofrapidheatlng.

Itisproposedthatthesediffbrencesarecontributedtothesolutionspecies.Inaqueous

media,TIPishydrolyzedandpolymerizedtoformclusterinwatersoIvent.Sincethe

Clusterorgrainhadalreadybeeninthe丘1m,itcanbethoughtthattheparticlegrowth

andcrystallizationwouldfo1lowthegeometricstructureofthecluster,andtherateof

Particlegrowthduringheatingwouldbeslowerthanthatoftheconventionalgelderived

fromstablechelatecompounds.Asaresult,itisconsideredthatthecrystallogrqphic

Orientationofthe丘1mdependedonthegeometricstructureoftheclusterirrespectiveof

thekindofsubstrates,andtheformationofgranulargrainwaspreferredregardlessof
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heatingrate･Inthe caseofTIP-TMAOH system,theaqueoustitanate soIwiththe

COmPOSitionof[(CH3)4N]2[Ti6013]hasalayeredstructure,andthe丘Impreparedfrom

Whichcrystallizedaslowas3500Candhadaexce11entcrystallinitysmallgranular

grains.

Therefore,thecrystalform,OrientationandcrystallizationoftheTiO2丘1mswere

foundtodependstronglyonthechemicalspeciesofthestartingsolutions･However,the

relationbetweenthestructureoftheclusterpreparedfromTIP-Lac-NH3(R=1:1)and

theevolutionof(004)planeremainedunclear.

5.5.CONCLUSIONS

Aqueous titanate solutions were prepared by direct reaction of TIP with

α-hydroxycarboxylic acidsin the presence of water.It was found that the

Chelate-Stabilizedspeciesinwaterwerepolymerizedtoleadtoacluster.TheTiO2丘1m

nred at7000C,Which was preparedfrom TIP-LA-NH3(R=1,1),WaS Single-Phase

anatasewithastrongorientationof(004)planeandhadahighrefractiveindexof2.54,

Whichwasconsideredtobethehighestvalueinsol-gelmethod.Thecrystalformand

CryStallographicorientationoftheTiO2丘1mswerefoundto dependstronglyonthe

StruCtureOfthechemicalspeciesofthestartingsolutions,buttherelationbetweenthe

ChemicalstructureandtheorientationofTiO2凸1mremainedunclear.
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Cbapter6 CollCIudingRenla†ks and FuIリーePerspeclives

CONCLtJDINGREMARXSANDFUTtJREPERSPECTIVES

IthasbeenfoundthatthelayeredtitanateSOIscouldbeeasilypreparedbythe

reaction of titaniumisopropoxide with basic alkylamines and alkylammOnium

hydroxidesinwater,uSlnganaCid-basereactionbetweentheaminesandtitanicacid

derived丘omthealkoxidetoyieldammoniumtitanateS.Boththebasicityoftheamines

andthesizesofthecortiugateadd(ammoniumcations)havebeenfoundtobecruCial

factorstodeterminewhethertheaqueoustitanateSOlutionscanbeprepared.Similarly,

aqueousoxometa11atesolutionsofV,Nb,1も,Al,SiandSnareeasilypreparedfromthe

COrreSPOndingalkoxides.Thechemicalspeciesinthetitanatesolutionswerefb一皿dtobe

a co1loidal particle or sheet(15 nm)with alayered struCture thatis

tetramethylammOnium(TMA')saltsofHxTi(2_X/4)□x/404.Tbourknowledge,thisisthe

firstreport on the preparation ofexfbliated,1ayeredalkylammonium titanates by a

SOlutionmethodatroomtemperature.Theseaqueousmeta11atesolutionsarecompletely

丘ee丘omhalogens,alkalinemetalionsandchelates,andcanbewidelyusedasasource

materialto prepare various titanium compoundsincluding K2Ti6013and KTiOPO4

(KTP).The solutions through soトgelteclmique,may realize a novel,

environmentally-&iendlysyntheticprocessofceramic丘1ms,Whichcanbeappliedtothe

PreParationofphotocatalysts,ZeOlites,OPticalandelectronicmaterials･

Titania(TiO2)thin丘1msfromtheaqueoussolutionshavebeenpreparedbydip-Or

spln-COatlngmethod,andfu11ycharacterized･Chelate-mOdi丘edaqueoustitanatesoIs

werealsoexaminedforcomparison.TheTiO2丘1msprepared丘■OmtheTIP-TMAOH

solutionwerealreadycrysta11izedat3500Ctoanatasefbrmandthosefbrmedat600OC

hadhightranSParenCyandhigherrefねctiveindicesof2･40･Thepureanataseformwas

Sustainedupto8500C.Interestingly,itwasfoundthat(004)preftrentiallyoriented

anatase丘1mswithmuchhigherre丘activeindexof2.54wereobtainedat7000Cfrom

TIP-Lacticacid-NH3(1:1:1)aqueoussol,Thusdenseanatase丘Imisofgreatinterest

】18



Chapter6 Concluding Remarks and Futul-e Perspectives

becauseoxide丘1mspreparedbysol-gelmethodusua11ytendtobecomeporous･This

indexisconsideredtobethehighestvalueobservedforsol-gelderivedTiO2丘1ms.This

CryStallogrqphic orientation was characteristic of the TIP-Lactic acid-NH3(1:1:1)

SyStem,andwasnota飴ctedbykindsofsubstratesusedandheatingrateofthe丘Im･

Therefore,itwasfoundthatthecrystallographicorientationmightdependstronglyon

thestructureofthechemicalspeciesintheprecursorsolutions.

UVirradiation onthe丘1ms prepared by a spln-COating method uslng aqueOuS

titanatesoIswithlayeredstruCturehasbeeninvestigated.Althoughphotoirradiationto

thegelfi1mdidnotacceleratethecrystallizationofanatase,the丘1mbecameinsoluble

inanysoIvent,andhadahighre丘activeindexofaround2･Oandapencilhardnessof

2H.It has beenfound that these phenomena were caused by the photocatalytic

decompositionofalkylammoniumionslocatedbetweenthetitanate sheetsto

HxTi(2-X/4)□x/404･The丘1mabsorbsthelightbelow300nmandcanbeappliedtonotonly

asurfacemodi丘er(hardcoating)ofplasticsbutalsoanUVcutfi1m･

Lately,thin-mmCeramicshavebecomethecenterofwideinterest,anditseems

thatas energyandglobalenvironmentalissuesareattractingtheattention,SOlution

methods such as sol-gelprocesslng become moreimportant･In the nearfuture,

preparationofceramicthin丘1ms丘omaqueoussolutionwillbecomethemaincurrent･

A11functionalmaterials would be preparedfrom the aqueous solutions of the

correspondingcompounds･Inthisstudy,theaqueoussolutionsofGroups4and5have

been developed･They are generally sparlngly solublein water by nature but the

componentelementsarefoundinmanyfunctionalmaterials･Researchinthisfieldmay

tendtobefocusedonthecharacterizationofthe丘nalproducts.However,itisobvious

thatsincethepropertiesofstartingmaterialshavegreatinfluenceonthe丘nalproducts

(Ceramics),Wehavetoconcentratethesolutionchemistryofthemongettingfurther

information.
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