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GeneralIntroduction

GeneralIntroduction

Uptothepresent,somepolymerindustries(e･g･,paint,textileandcosmetic

industries)haveusedlargeam ountsofvolatileorganiccompoundstopre-

parepolymermoleculesandtoapplythemasamedium.However,because

ofenvironmenlalproblems,theuseofenvironmentallyfavorablemediais

desirable･Waterisoneoftheenvironmentallysoundmedia.Therearea

numberofreports[1,2]onpolymerizationsinaqueousandalcohol/water

media:emulsion,dispersion,suspensionandmimiemulsionpolymerizationsI

Recently,lnadditiontowater,therehavebeenincreaslngInterestsinsu-

percritiCalcarbondioxide(scCO2)･Carbondioxide(CO2)isnaturallyoccur-

ringandreadilyavailable･SourcesofC0 2includebothabundantnatural

reseⅣoirsandrecycledCO2Whichisrecoveredfromtheexhauststreamsof

powerplantsandindustrialplantswhichproduceam momia,ethanol,ethyl-

lO

0

3

3

LO

0

LO

2

2

1

(e
d
≡
)
a
J
n

S
SaJ
d

･60 -30 0 30 60 90

Temperature(oC)

Figure1Apressure-temperaturediagramforCO2

-1-



GeneralInqoduction

eneoxide,andhydrogenl3]･Additionally,CO2hasaneasilyaccessiblecrit-

icalpointwithaTcof31･loCandapeof7.38MPal4]asshowninFig.I.

TheuseofscCO2aSamediumf♭rpolymerizationshasseveralpotentialad-

vantages:lowcost,notoxicity,andmarkedvariationsofsolubilitypower,

viscosityandpolaritybyrelativelysmallchangesintemperatureandpres-

surewithoutalteringthecompositionofthemedium.Moreover,theuseof

scCO2eliminatestheneedforenergyintensivedryingprocesses;thepoly-

mersproducedinscCO2areObtainedcompletelyindrystateonlybyventing

toremovetheCO2,Thisshouldbeespeciallyadvantageousforpolymers

whicharenotheaLstabletobedded.Fu血emore,theuseofscCO2makes

possibletheeffectiveuseofagreenhousegas･Since1751,roughly277bil-

liontonsofcarbonhavebeenreleasedtotheatmospherefromtheconsump-

tionoffossilfuelsandcementproductionl5],andaproposaltoreducegreen-

housegasseswaspresentedattheU血tedNationsmeetinginKyoto･From

theabovebackgrounds,therehavebeenincreaslnginterestsinconducting

polymerizationinCO2[6-42].

Inthe1960S,therewereinitialbreakthroughsintheuseofcompressed

CO2aSaPOlymerizationmedium ,especiallyincatiomicandradicalprecipita-

tionpolymerizations.In1968,HagiwaraandcoworkersconductedprecIPl-

tationpolymerizationofethyleneinCO2uSlngeithergam mmaradiationor

2,2'-azobis(isobutyromitrile)(AIBN)initiation,andindicatedthatpolyethyl-

enepowderwasproduced[6-81･Alsoin1968,aFrenchPatentissuedtothe

SumitomoChemicalCompanydisclosedthepreclpltationpolymerizationof

severalvinylmonomersinCO2[9].TheUmitedStatesversionofthispatent

wasissuedin1970,whenFukuiandcoworkerspublishedresultsforthepre-

cipitationpolymerizationofseveralvinylmonomerssuchasvlnylchloride,

-21



Genel･allnlTOduction

styrene(S),acrylomitrile(AN),acrylicacidandvinylacetateinliquidCO20r

scCO2[10]･In1960,BiddulphandPleschconductedcatiomicprecipitation

polymerizationofisobutyleneinliquidCO2lll]･Inthelate1960S,Yokota

andcoworkersconductedcationicprecipitationpolymerizationofformalde-

hydeinliquidColorSCCO2[12-14].Thepatentissuedin1970includedthe

polymerizationofethylvinyletherinliquidCO2[10].Thesestudiesonpoly-

merizationsinC02in1960swerefollowedbyverylittleactivityinthe1970s

and1980S.In1990S,however,therehavebeenanincreaslngnumberof

researchinthisareal15-42].ThenextbreakthroughintheuseofCO 2aSa

polymerizationmedium wasrealizedwhensomean orphousfluorinatedand

PDMS-basedpolymerswereidentifiedasbeingsolubleinCO20rCO2-Philic

ateasilyattainabletemperatures(T<100oC)andpressures(P<35MPa)･

Thisrealizationopenedupresearchareaofproductionofpolymerparticles

bydispersionandinverseemulsionpolymerizationsinCo l,andprecipita-

tionpolymerizationincoldrewattentionsagaln･

DeSimoneandcoworkershavepioneeredtheproductionsofpoly(methyl

methacrylate)(PMMA)particleswereproducedbydispersionpolymeriza-

tionsofmethylmethacrylate(MMA)inscCO2WithAIBNinthepresenceof

poly(1,1-dihydroperfluorooctylacrylate)(PFOA)[18-22]andpoly(dimethyl-

siloxane)(PDMS)-basedmacromonomerl23]ascolloidalstabilizers.Lepi-

1leurandBeckman [24],Yatesandcoworkersl25],andHemsandcoworkers

l26]alsoproducedPMMAparticlesinscCO2usingpoly(MMAICO-hydroxy-

ethylmethacrylate)-g-poly(perfluoropropyleneoxide),PDMS-b-

poly(methacrylicacid),andPMMA-b-poly(fluoroalkylmethacrylate)asco1-

loidalstabilizers,respectively.CaputoandcoworkersproducedPMMApar-

ticlesinthepresenceofdifferenttypesofPDMSbygam maradiationin-

-3-



GeneT･alIntroduction

duceddispersionpolymerizationofMMAinscCO2[27].Moreover,DeSi-

moneandcoworkersreportedthatpolystyrene(PS)particleswereproduced

bydispersionpolymerizationsofSinscCO2WithAIBNinthepresenceof

PDMS-baLSedmacromonomerl23],PFOAl28],PS-b-PDMSl29],PS-b-PFOA

l30],andrandomcopolymerscontainingafluo血atedacrylatel31]ascolloi-

dalstabilizers･Andtheyreportedthatpoly(vinylacetate)[32],polyacrylomi -

trile(FAN)[33],poly(21hydroxyethylmethacrylate)[34]andpoly(glycidyl

methacrylate)[35]particleswerealsoproducedbydispersionpolymeriza-

tionsinscCO2WithAIBNinthepresencesofvariousCO2-SOlubleorC021

philicstabilizerssuchasFOA,PDMS-basedmacromonomer,PS-b-PDMS

andPS-b-PFOA.Bergerandcoworkersproducedpoly(vinylpyrrolidone)

particlesinscCO2inthepresenceofPS-b-PDMSl36].Additionally,there

aresomereportsonproductionsofpolymerparticlesbydispersionpolymer-

izationuslngOtherpolymerizationmethodsaswellasconventionalradical

polymerization･

ClarkandcoworkersproducedPSparticlesbycationicdispersionpoly-

merizationinliquidCO2[37].XiaandcoworkersreportedthatPMMAparti-

cleswereprducedbyatomtrmsferradicaldispersionpolymerizationofMMA

inscCO2inthepresenceofPFOA【38].

hadditiontothedispersionpolymerization,recently,Romackandco-

workers,andCooperandcoworkerssucceededinproducingpoly(acrylicacid)

[39]andpolydivinylbenzene[40,41]particlesbyprecipitationpolymeriza-

tiOnswithoutanystabilizersinscCO2WithAIBN,respectively･

Fu血emore,Adamsky弧dBeckmanconductedinverseemulsionpoly-

merizationofacrylamideinscCO2[42]I

TheproductionofpolymerparticlesinscC02isofinterestfrom academ-
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icandindustrialviewpolntS.Furthermore,despitethefactthattheuseof

scCO2tOProducepolymerparticlesinscCO2havebeenexpectedtobead-

vantageousandanincreaslngnumberofstudiesintheresearchareahave

beenconducted,theproductionofpolymerparticlesinscCO2hasbeenre-

mainedatechmiCalchallenge,anditisdesirabletowidentheconditionsfor

producingpolymerparticlesbypolymerizationsinscCO 2･

Tbeaimsofthisdoctoraldissertationare:i)constructionofhigh-pressure

reactors,ii)productionofpolymerparticlesbydispersionandprecipitation

polymerizationsinscCO 2utilizingthereactors,andiii)characterizationof

thepolymerparticlesproducedbyawiderangeofmethodsfromtheview-

pointofpolymercolloidchemistry･This血esisconsistsoffollowlngtwo

partswhichhavebeensubdividedtosevenchapterstofulfiltheaboveaims･

PARTIconcemsconstruCtionanddevelopmentofhigh-pressurereactors

fortheproductionofpolymerparticlesinscC02･

Thispartcontainslchapter･InChapterI,design,constructionandde-

velopmentofsmall-scalehigh-pressurereactorsfortheproductionofpoly-

merparticlesinscC02WereCOnducted,becauseofthebackgroundthatthere

havebeenfewreportsdescribingthedesignandconstructionofhigh-pres-

surereactorsforthepurposeindetail,atthisstage.Theeffectsofthetypesof

reactorsonthepolymerproducedwerealsoinvestigated･

PARTIIconcernstheproductionsofpolymerparticlesbydispersionand

precipitationpolymerizationsinscCO2･

Thispartcontainssixchapters･Chapters2-5concemtheproductionsof

PMMAparticlesbydispersionpolymerizationswithvarioustypesofPDMS-

basedpolymersascolloidalstabilizersinscCO2.Sincesomeamorphous

fluorinatedandPDMS-basedpolymershavebeenidentifiedasbeingsoluble

-5-
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inCO20rCO2-Philic,theyhavebeenusedascolloidalstabilizersinthedis-

persionpolymedzationinscCO 2･Ingeneral,PDMS-basedpolymersmay

haveadvantagesoverfluorinatedpolymersfromtheviewpointsthatPDMS-

basedpolymersaremuchlessexpensiveandtheirsolubilityinconventional

organicsolventsmakesch訂aCteri2ationsoftheproductsobtainede弘y.How-

ever,limitedtypesofPDMS-basedpolymershavebeenusedascolloidal

stabilizersinscCO2･InChapter2,dispersionpolymerizationsofMMAwere

conductedwithdifferenttypesoforganicperoxidesasinitiatorsinthepres-

enceoftrimethylsiloxyterminatedPDMSstabilizers.Andtheeffectofthe

typeoforganicperoxidesontheproductionofPMMAparticleswasdis-

cussed･InChapter3,theproductionofPMMAparticlesbydispersionpoly-

merizationwithmercaptopropylterminatedPDMSstabilizerwaspresented.

InChapter4,theproductionofPMMAparticlesbydispersionpolymeriza-

tiOnwithPDMS-basedazoimitiatorwaspresented･InChapter5,theprduc-

tionofthePMMAparticlesbydispersionpolymerizationwithaminopropyl

terminatedPDMSstabilizerwaspresented.Chapters6and7concemthe

productionsofpolymerparticleswithclean surfacesbyprecipitationpoly-

merizationwilhoutanycolloidalstabilizersinscCO2.Indispersionpolymer-

ization,colloidalstabilizersaregenerallyexpensive(especiallyinthecaseof

fluo血atedpolymer)ordifficulttosynthesize,andmoreover,somestabiliz-

ersremainadsorbedorgraftedonparticlesurfacesandthosemayoperateas

impuritiesinsomeapplications･Itislikelythatsomekindsofmonomers

couldbeobtainedaspolymerparticlesbyprecipitationpolymerizationin

scCO2,buttherehavebeenlimitednum berofpapersconcemlngtheproduc-

tionofpolymerparticlesbyprecipitationpolymerizationinscCO 2fromthe

viewpointofpolymercolloidchemistryuntilnow.Fromsuchabackground,
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itseemstobeworthwhilediscusslngtheprecipitationpolymerizationsin

scCO2･InChapter6,productionofpolydivinylbiphenylparticlesbypre-

cipitationpolymerizationinscCO2WasPreSented･hChapter7,production

ofInNparticlesbyprecipitationpolymerizationofANinscCO 2WasPre-

sented･Theparticlesproducedinthisstudywerecharacterizedbyawide

rangeofmethods.

ItistobementionedthattheproductionsofpolymerparticlesinscC02

Werestudiedfromtheviewpointofpolymercolloidchemistry.Theauthor

reportstheworktitledas"Studiesonproductionofpolymerparticlesin

scC02".
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Chaptel'1

Chapter1

DesignandconstrtICtionofsmall-scale

high-presstLrereaCtOrSforpolym eriZation

instLPerCritiCalcarbohdioxide

1.1Introduetion

Recently,thereisincreaslnginterestincarrylngOutChemicalreactionsand

extractionsinenvironmentallybemignsolventssuchassupercritiCalcarbon

dioxide(scCO2)･TheuseofscCO2aSamedium forpolymerizationshas

severalpotentialadvantages:lowcost,notoxicity,easesofmediumremoval

andrecycling,andmarkedvariationsofsolubilitypower,viscosityandpolar-

itybyrelativelysmallchangesintemperatureandpressurewithoutaltering

thecompositionofthemedium .Theproductionsofpolymerparticlesin

scCO2havebeen,actively,reportedbysomeresearchgroupssince1994as

describedingeneralintroductionll-3].Inthesestudies,varioustypeshigh-

pressurereactorswereutilizedinordertoconductpolymerizationsinscCO2･

Adam skyandBeckmanuseda50-mLhigh-pressurereactorequippedwitha

bladestirrerandalignedsapphirewindows[4].DeSimoneandcoworkers

used10-mLand251mLhigh-pressureviewcellswithmagneticstirbarsl5,6].

Inadditiontothehigh-pressurereactorsforpolymerizationsinscCO2,ahigh-

pressurevariablevolumeviewcellwasusedforphaseequilibriameasure-

ments【6].

However,atthisstage,sincetherehavebeenfewreportsdescribingthe

designandconstructionofhigh-pressurereactorsfortheproductionsofpoly-

merparticlesinscC02indetail,wehaveoriginallyconstructedtwotypesof

-12-



Small-Scalehigh-pressurereaCtOr∫forpolymerizationinscCO2

smalllSCalehigh-pressurereactorsfortheproductionsofpolymerparticlesin

scC02･Inadditiontothesereactors,acommerciallyavailable90-mLhigh-

pressurereactorequippedwithsapphirewindowsandarotaryimpellerwas

purchasedanddevelopedbyourselvesforthepurpose･

As thefirstchapterofthedoctoraldissertation,designandconstructionof

thetwosmall-scalehigh-presstuereactorswillbereported,andeffectsofthe

reactors,including90-mLreactor,ontheproductionsofpolymerparticlesin

scCO2Willbereported･

1.2Experimental

1.2.IMaterials

Methylmethacrylate(MMA)waspurifiedbydistillationunderreducedpresI

sureinamitrogenatmosphere.Divinylbiphenyl(DVBP),whoseformulais

glVeninScheme1,wassuppliedbyNipponSteelChemicalCo･,andthe

pmitywas51･7%[7]･DVBPwaswashedwith1NNaOHaqueoussolution

anddeionizedwatertoremovepolymerizationinhibitorsbeforeuse･Acry-

1onitrile(AN)waspurifiedbyinhibitorremover(AldrichCo･,AL-154)be-

foreuse.Reagentgrade2,2'-azobis(isobutyromitrile)(AIBN)waspurified

byrecrystallization･Aminopropylterminatedpoly(dimethylsiloxane)(AP-

PDMS)(SilaplaneFM-3321),suppliedbyChissoCo.,wasusedasreceived.

ThechemiCalformulaisglVeninScheme2.Thenumber-averagemolecular

CH2=CH

㌻ ＼ ､ ＼

CH=CH2

Scheme1AchemicalformulaofDVBP

-13-
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CH3
l

H2NC3H6-Si-
l
CH3｡t sT7

CH3
l
Si-0

i

CH3
l
Si-C3H6NH2
l
CH3 n≒66

Scheme2Achemicalformu一aofAP-PDMS

weightwasabout5000.Poly(dimethylsiloxane)(PDMS)-basedazoimitiator

(VPS-050I),commerciallysuppliedbyWakoPtueChemiCalIndustrieswas

usedasreceived･IndustrialgradeCO2,Withapmityof99.5%ormore,was

used･Guaranteedreagentn-hexanewasusedasreceivedfromNacalaiTesque

Co･Oil-Solubledye(OilBlue)wasusedasreceived.

1･2･2Procedureforpolym erizationsinscCO2

Polymerizationswerecarriedoutinthehigh-presstuereactors.Thereactors

werechargedwithmonomer,imitiatorandcolloidalStabilizer(ifincluded),

andairwaspwgedwithCO20rN2.Then,thereactorswerefilledwithliquid

CO2Withshakingandthepressurewasbroughttoabout10MPaat250C

usingasyringepum p(NihonSeimitsuKagakuCol,NP-D-321J)･Thepoly-

merizatiOnswerestartedbyheatingthereactorstodesiredtemperamre･Af-

terthepolymerizations,thereactorswerecooledinanicewaterbathandthe

CO2WasVentedslowly･TheparticlesproducedwereobservedwithaHitachi

S-2460Nscami ngelectronmicroscope(SEM)･

1.2.3EstimationofeWICiencyofstirring

Blue-coloredn-hexanecontaimingOilBlue(200yL)wasgentlyinjectedinto

25-mLglasstubularreactoror30-mLglasscylindriCalreactor,inwhichpure
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colorlessandtransparentn-hexanewasfilledinadvance,andthetimeforthe

blue-coloredsolutiontobecomewhollyhomogeneouswithstimingwasmea-

sured･Eachstirringwasconductedundersimilarconditionstothoseofac-

tualpolymerizations.n-HexanewasusedinplaceofscC02becauseithas

similarcharacteristicstoscCO2:lowpolarizability,lowsolubilityparameter

andrelativelylowviscosity[8]･The25mL and30mL-glassreactorshad

similarshapestothe10mLand25mLhigh-pressurereactors,inwhichthe

stimingwasconductedwithastainlesssteelballandamagneticstirbar,

respectively.

1.3Resultsanddiscussion

I.3.lConstructionofsmall･scalehigh･pressurestainlesssteelreactors

Twotypesofsmall-scaletubulameactorsweremanufacturedbywayoftrial.

Eachreactorwasmainlycomposedofavalve,anoriginalcondenseranda

reactorbody,andallmetalpartsarefabricatedofcoE皿erCialSUS316stain-

lesssteel,whichisrelativelyresistanttocorrosion,andthesepartswerepur-

chasedfromOsakavalvefittingCo.Thecondenserwasoriginallydevel-

opedinou･rlaboratoryfわrcoolingapipelinedowntoabout5oC(underthe

criticaltemperatureofCO2,31oC)andpreventingthepolymerizationinthe

pipeline.Withoutthecondenser,theplpe lineandtheneedlevalvewere

cloggedupwithpolymergenerated･Itwasdifficulttowashawaythepoly-

mer,whichshouldleadtothepartsofthe柁aCtOr(e･g･,thevalvesandswagelok

ferrules)beingdamaged.Thissimplestructuremadeitpossibletoconstruct

thereactorinexpensivelyandconvemiently･Thesesmall-scalereactorswere

easiertochecktheleakofCO2PnOrtOthepolymerizationsbecauseoftheir

smallnum berofjointpointsincomparisonwith901mLreactor･

ー15-



Chapter1

1.3.1.1101mLtubularreactor

Figure1showsan opticalphotographofthe10-mLhigh-pressurestainless

steeltubularreactor.Thereactorconsistsofaswagelokneedlevalvewitha

metalstem(SS-1RS4)(1),thecondenser(2),aswagelok1/4inchunion(SS-

400-6)(3),abentstainlesssteeltubewhichhad1/4-inchdiam eter,0.049-

inchwallthicknessand1.97-inchlength(4),aswagelokreducingmi on(SS-

810-6-4)(5),astainlesssteeltubewhichhadI/2linchdiam eter,0.065-inch

wallthicknessand5･3-inchlength(6),anda1/2-inchswagelokcap(SSl810-

C)(7).Stirringwasconductedbyshakingwitha5/16-inchstainlesssteel

ball(8)inthereactor･Thisreactorwithstoodthepressureupto33MPaand

thetemperatureupto204oC.

Figure1Anopticalphotographofthe10-mLhigh-pressurestainlesssteeltubular
reactorforpolymerizationsinsupercriticalcarbondioxide(scCO2)(typeofstirring,

thestain一esssteelball)

1.3.1.225-mLtubularreactor

Figure2showsan opticalphotographofthe25-mLhigh-pressurestainless
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Small-scalehigh-pressurereactorsforpolymerizationinscCO2

steeltubularreactor.Thereactor

consistedofa1/4inchswagelok

needlevalve(SS-1RS4)(1),the

originalcondenser(2),aswagelok

reducingu山on(SS-1610-6-4)(3),

astai山esssteeltubewhichhadト

inchdiameter,0.12-inchwall

thicknessand3･02-inchlength(4),

anda1-inchswagelokcap(SS-

1610-C)(5).Stirringwascon-

ductedwithamagneticstirbar(6).

Thisreactorwithstoodthepressure

upto30MPaandthetemperature

upto204oC.

1.3.1.3Developmentofa90-mL

reactor Figure2AnopticaJphotographofthe25-

mLhigh-pressurestainlesssteeltubular

A90-mLreactor,whichwaspur-reactorforpolymerizatjonsJ'nSCCO,(type

chasedf,omTaiatsuTechnoC0.,0fstirring･themagneticstirbar)

wasdevelopedtothesuitablereactorforpolymerizationinscCO 2･Forex-

ample,allthepipelineswereequlPPedwiththeoriginalcondensers,andthe

plpelinebetweenthesynngepumpandthereactorwasequlppedwithaone-

wayvalvetopreventdiffusionofmonomerandpolymerintothesyrlnge

pum pfromoccurrlng･Aschematicdiagramofthe90-mLhigh-pressurere-

actorisshowninFig.3.Thereactorconsistedofareactorlid(1),areactor

body(2)withsapphirewindowsforobservationoftheinside(3),andthe

rotaryimpellerforstirring(4)･Thereactorhadfourstainlesssteelpipe lines,

ー17-



Chapter1

Figure3Aschematicdiagramforthe901mLhigh-pressurestainlesssteelreactor

forpoJymerizationsinscCO2(typeofstirring.therotaryimpeJler)

whichhadcondensers,connectedtothereactorlid:COLfeedpipeline(5),

thepipelineleadingtoapressuregauge(6),liq山dfeedpipeline(7)andCO2

ventpipeline(8)･Thisreactorwithstoodthepressureupto35MPaandthe

temperatureuptolOOoC.

1･3･2DispersionandprecipitationpolymerizationsinscCO 2

Ingeneral,emulsion,dispersionandsuspensionpolymerizationsinusualmedia

suchasaqueous,alcohol/waterandconventionalorgamicmedia,thesealed

tubularreactorsarenotfilledwithreactionmixturesandstirrlngareusually

conductedbysimpleshakestHowever,whenscCO 2Wasusedasamedium,

itisd此 C山ttomixinthereactorbyasimpleshakebecausethereactorwas

filledwiththereactionmixture.IntheprecipitationpolymerizationofDVBP
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inscCO2utilizingthe10-mLhigh-pressurestainlesssteeltubularreactoras

showninFig･1withasimpleshake,PDVBPwasmainlyobtainedasirregu-

larblocks･Thisresultshouldbeduetoincompletemxlngdmingthepoly-

merization･Inordertomixinthe10-mLhigh-pressurereactor,thestainless

steelballwasputintothereactorandthereactorwasshaken.Withshaking,

thestainlesssteelballmovedinthereactor,whichshouldleadtothestlmng･

AsshowninTablel,thetimewhichwasneededtoobtainahomogeneous

bluesolutionwasshortenedbythepresenceofthestainlesssteelball.This

resultindicatesthattheefficiencyofstirringwasimprovedwiththestainless

steelball.Theprecipitationanddispersionpolymerizationswerecamiedout

undertheconditionsasshowninTable2･Thesearesomeofthemanyreci-

pesthatwehaveprepared･

Figures4,5,and6showopticalandSEMphotographsofPDVBP,PAN

andPMMAproducedbyprecipitationanddispersionpolymerizations,re-

spectively,lnSCCO2utilizingthe10-mi･high-pressuretubularreactorwith

thestainlesssteelbal1･AfreeflowlngWhitePDVBPpowderwassuccess-

fullyobtainedbytheprecipitationpolymerizationofDVBPinscCO2,andthe

Table1Timesa)whichittookforblue-coloreda-hexanecontainingOil
Blueb)(200LJL)todiffusehomogeneouslyintransparentn-hexane
mediumbydifferenttypesofstirringJnglassreactors

25mLC) 30mLd)

WkhoutstainlessbalI Wnhstainlessba" Magneticstirbar

Time(S) >300 35 8

a)Determinedwiththenakedeye
A)oil-solubleblue-coloureddye
c)25mL-glassreactor;60cycles/min;2-cmstrokes,Shakenhorizontally
4)30mL-glassreactor;420rpm
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Table2 RecipesfortheproductionsofPDVBP,PANandPMMAparticlesby
precipjtabonanddispersionpolymerizationsinscCO 2a)wi仇AIBNutilizing廿1e1O一mL
high-pressurestainlesssteeltubularreactor(typeofstirring,仇estainlesssteerban)

lngredients ,P.宗pi慧 :n ,.RIsmpeen:iao:.n

DVBPb)

ANc)

MMAC申

AP-PDMSe)

AIBN〃

I

)

)

ノヽ
)

g

g
9

9

g

(

(

(

(

mnrJU
15

2.0

0

2

2

0

oni

〓

5

a)ca.30MPa;65'C;24h;60Cycleslmin;2-那sbl0kes.shakenhon'zontally
b)1.0moIIL(20wJv%)
C)3.8moVL(20W/V%)
4)2.0moIIL(20wJv%)
e)Mn,ca･5000
ウR.(=2kd41]),1013-1014mL-1s･1;kd,7.7x10-Ssrl;f.0･9

Abbreviations:PDVBP,polydivinylbiphenyl;PAN,polyacryJonibile;PMMA,poly(methyl
me廿1aCrylate);DVBP,divinylbiphenyL;AN,acrylonibile;MMA,methylme廿laCryJate;A]BN,
2,2'-azobis(isobutyron伽Ie);AP-PDMS,aminopropylterminatedpoly(dimethylsiloxane)

conversionwasgravimetricallydeteminedtobe90%･InFig･4b,itwas

confirmedthatPDVBPwasobtainedasparticles･Bytheprecipitationpoly-

merizationofANinscCO2,afree-flowlngWhitelnNpowder,whichcon-

sistedofmicron-sized,relativelymonodisperseparticles,wasalsoobtained

asshowninFig5b.ThedetailsaboutproductionofthePDVBPandIAN

particleswillbediscussedinChapters6and7,respectively･Bythedisper-

sionpolymeriZationofMMA,afreeflowlngPMMApowder弧dhardPMMA

blockswereobtainedatthesam etime(seeFig.6a),andtheconversionof

MMAwasdeterminedtobe82%.Thenum beraveragediameter(Dn)andthe

coefficientofvariation(Cv)ofthePMMAparticlesmeasuredontheSEM

photograph(Fig.6b)withimageanalysissoftware(MacScope,MitaniCo.)

were565nm and61%,respectively･JudgingfromaSEMphotographofa

sectionofaPMMAblockshowninFig.6C,theblocksseemstobeformedby

coagulationoftheparticles･ItiswellknownthatPMMAwashighlyplasti-
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田 ｢ .I_i L, - 配

Figure4Anoptical(a)andascanningelectronmicroscope(SEM)(b)photographs

ofpolydivinylbiphenylproducedbytheprecipitationpolymerizationjnscCO2

utilizingthe10-mLhigh-pressurestainlesssteeltubularreactor(typeofstirring,

thestainlesssteelba一l)

Figure5Anoptjcal(a)andaSEM(b)photographsofpolyacryLonitrileproduced

bytheprecIPitationpolymerJ'zationinscCO2utilizlngthe10-mLhigh-pressure

stainlesssteeltubularreactor(typeofstirring,thestainlesssteelba")

cizedbyCO2,Whichresultedinthelowenngofglasstransitiontemperature

(Tg)ofPMMAl9112]･FehrenbacherandcoworkersindicatedthatPMMA

filmsorbed28vol%ofCO2basedonthevolum eofPMMAfilm inscCO2at
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Figure6Anoptical(a)andSEMphotog｢aphsofpoly(methylmethacrylate)

(PMMA)producedbythedispersionpolymerizationinscCO 2utilizingthe10-mL

high-pressuerestainlesssteeltubularreactor(typeofstirring,thestainlesssteel

ball)

59.8oCand29.9MPal13].AssumingthatthedensityofCO2inPMMAis

estimatedtobe1.0gmL~1[13,14],theweightratioofPMMA/C02inthe

scCO2iscalculatedtobeI/0･28･JolmstonandcoworkerspredictedthatTgof

PMMA,whichsorbedabout25wt%ofCO2basedontheweightofPMMA,

mightbedowntoabout-25oC【9]･From血eabovedataand也eprediction,it

sho山dbethoughtthat㌔ofPMMAparticlesinscCO 2at65oCand30MPa
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Table3 ArecIPefortheproductionofPMMA
particles bydispersionpolymen-zationofMMAin
scCO2a)WithAIBNinthepresenceofAPIPDMSb)
utilizingthe25-mLhigh-pressurestajnlesssteel
tubularreactor(typeofstirring,themagneticstirbar)

lng帽dients

MMAG)

AP-PDMSb)

ALBNd)

MH
u
∩..rnu
nrHu

g

g

g

nH_川一
nr川U
nJJHU

aJca.30MPa;65.C;24h;420rpm
b)Mn,ca,5000
0)2.0mol/L(20wN%)

d)Ri(=2kdm),5.Ox1013mL~1S-1;kd,7.7xlO~5S-1;i,0.9

Abbreviations:PMMA,poly(methyJmethacryJate);MMA,methyl
methacrylate;AIBN,2,2'-azobis(isobutyronitrile);AP-PDMS,
aminopropylterminatedpoly(dimethylsiLoxane)

wasdownnear-25oC.Sedimentationdistanceof1-ymCO2-SOrbedPMMA

particleinscCO2(PMMA/C02Weightratio,I/0･28)for24hshouldbecalcu-

latedtobe188mmutilizingtheStokesequation,andthedistanceofthe

particlebyBrowmianmotioninthescCO2Shouldbecalculatedtobe1.1mm

utilizingtheEinstein-Stokesequation･InthecalCulationsofthesedistances,

thefollowingvalueswereused:thedensitiesofscCO2(60oC,32.9MPa)and

PMMA,0.85gmL-I[15]andl･19gmL-1[16],respectively;coefficientof

viscosityofscCO2(77℃,30MPa),0.075Ⅹ10~3kgms~l[17];Avogadro's

number,6.02Ⅹ1023mol~1;gravitationalacceleration,9･81ms~2.Thecalcu-

lateddistancesmeanthatCO2-SOrbed,micron-sizedPMMAparticlesinthe

scCO2Shouldsedimentbytheendofthedispersionpolymerizationwithout

stiming･InthedispersionpolymerizationofMMAutilizingthe101mLreac-
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Figure7Anoptical(a)andaSEM(b)photographsofPMMAproducedbythe

dispersionpolyme｢izationinscCO2uti‖zingthe25-mLhigh-pressl｣reStainless

steeHubularreactor(typeofstirring,themagneticstirbar)

torwiththestainlesssteelball,theefficiencyofstimngmaybestilllowand

theCO2-SOrbedPMMAparticles,whoseTgmightbeneaト25oC(furtherbe-

low-250CiftherewereMMAandCO2inPMM particles),Seemtosedi-

mentandcoalesce,whichresultsinthehardblocks.Thefomationofthe

hardPMMAblocksmustbepromotedbyrollingofthestainlesssteelballon

thesedimentedPMM particles･IntheprecIPltationpolymerizationofDVBP

inscCO2,thePDVBPparticlesproducedshouldnotbehighlyswollenby

CO2andDVBPbecauseofhighcross-linking,andthefANparticlesshould

notbealsohighlyswollenbycol[18]andANl16]･Itshouldnotleadto

coalescencethatPDVBPandlnNparticleswerenotswollenwithCO2and

monomersandtheparticleswererigidduringtheprecIPltationpolymeriza-

tionsinscCO2.

Toimprovetheefficiencyofstirnng,the25-mLhigh-pressurereactoras

showninFig.2wasdesignedandconstructed･Inthisreactor,thestirnng
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Table4ArecIPeforltheproductionofPMMAparticJes
bydispersionpolymerizationofMMAwithPDMS-
basedazoinitiatorinscCO2a)utilizingthe901mL
stainlesssteelreactor(typeofstirring,rotaryimpe"er)

lngredients

MMAb) (g) 18

PDMS-basedazoinitiatorq) (g) 9.1

a)30MPa;65oC;200rpm;24h
b)2.0mol/L(20W/V%)

C)TheconcentrationofaZ0-groupinPDMS-basedazoinitiator,
20mmol/L;Ri(=2kdfll]),3.7xlO13mLIsl1

Abbreviations:PMMA,poly(methylmethacrylate);MMA,

methylmethacryJate;PDMS,poly(dimethyLsiLoxane)

wasconductedwithamagneticstirbar.As showninTable1,thetimeneeded

toobtainthehomogeneousOilBluesolutionwasshorterinthemagnetic

sti汀erSystemthaninthestainlesssteelballsystem.Utilizingthe25-mL

high-pressurereactor,PMMAwasobtainedcompletelyasafrecflowlngWhite

powderasshowninFig･7aundertheconditionsshowninTable3･The

conversionwasdeterminedtobe96%,whichwashighervalueincompari-

sonwiththatobtainedutilizingthe10-mLhigh-pressurereactor.InFig.7b,

itwasconfirmedthatPMMAparticlesresulted,andDnan dCvofthePMMA

particlesafterfivetimescentrifugalwashingwithn-hexanewere2･89ym

and30%,respectively･Thediam eterbecamelargerandthemonodispersity

ofPMMAparticleswasimprovedbyincreaslngOfthesti汀ingemciency･

ThedetailsaboutproductionofthePMMAparticleswillbediscussedin
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Chapter5.

Theschematicdiagramofthe

90-mLhigh-pressurereactor

equlppedwiththesapphirewin-

dowsandtherotarylmpelleris

ShowninFig.3.Oneofthead一 戸

vantagesofthisreactorwasthat

theinsideofthereactorcouldbe

observedthroughthewindows･

Anotheradvantagewasthatsome

liquidscouldbepumpedintothe

reactoragainsthighpressure(～30

MPa)utilizingtheliquidfeed

Figure8 ASEMphotographofPMMA

producedbythedispersionpo-ymerization

inscCO2utilizingthe90-mLhigh-pressure

stainlesssteeltubular｢eacto｢(typeof

stirring,therotaryimpeller)

pump･Utilizingthisreactor,Wesucceededinproducingsubmicron-sized

PMMAparticlesasshowninFig･8withPDMS-basedazoimitiatorinscCO2

undertheconditionsshowninTable4,whichwillbediscussedindetailin

Chapter4.Beforethepolymerization,itcouldbeconfirmedthatthereaction

mixturewashomogeneousthroughthesapphirewindowswithawhitelight

attheoppositeside･After1h,aredcolorwasobserved,whichisthOughtto

beduetothescattenngoftransmittedlightbythegrowlngPOlymerparticles･

Afterthepolymerization,lightco血dnotbetransmittedandawhitepowder

wasobservedthroughthewindows･Theconversionwasdeterminedtobe

87%byweightanalysis.DBZmdCvofthePMMAparticlesafterthecentrifu-

galwashingwithn-hexanewere210nmand15･5%,respectively･

1.4Conclusions
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Thesmallscalehigh-pressurereactorsforproductionsofpolymerparticles

inscC02WereSuccessfullydesignedandconstructed.Utilizingthesereac-

tors,PMMAparticlesandPDVBPparticleswereproducedbydispersion

polymerizationandprecipitationpolymerizationinscCO2,reSPeCtively･
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ProductionofPolymerParticlesbyPolymerization

inSupercriticalCarbonDioxide
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Chapter2

PmdtLCtionofpoly(methylmethacrylate)particles

bydispersioIIPOlymerizationwithorgamicperoxide

inthepresenceoftrimethylsiloxytermi nated

poly(dimethylsiloxane)stabili2Xtr

instIPerCritiCalcarbondioxide

2.1Introduction

Supercriticalcarbondioxide(scCO2)israpidlybecominganattractivealter-

nativetoliquidsolventstraditionallyusedinseparations,coatlngapplica-

tionsandpolymerizations,sinceitisan environmentallybenignmedium･

AndtherehasbeminCreaslnginterestinproducingpolymerparticlesinscC02

[1-14].Sincesomeam orphousfluorinatedandpoly(dimethylsiloxane)

(PDMS)-basedpolymershavebeenidentifiedasbeingsolubleinCO20rCO2-

philic,theyhavebeenusedascolloidalstabilizersinthedispersionpolymer-

izationinscCO2.Ingeneral,PDMS-basedpolymersmayhaveadvantages

overfluorinatedpolymersfromtheviewpointsthatPDMS-basedpolymers

aremuchlessexpensiveandtheirsolubilityinconventionalorgamicsolvents

makescharacterizationsoftheproductsobtainedeasy,anduptothepresent,

thereareafewpapersonproductionsofpolymerparticlessuchaspolysty-

rene(PS)andpoly(methylmethacrylate)(PMMA)particlesbydispersion

polymerizationinthepresencesofPDMS-basedpolymersinscCO2[3,4,II,

14].Thereareafewpapersondispersionpolymerizationofvinylmonomers

suchasmethylmethacrylate(MMA)andstyreneinthepresenceof

trimethylsiloxytemi natedPDMSCrSIPDMS),however,atthisstagepoly-
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merparticleshavenotbeenproducedinthepresenceofTS-PDMSasaco1-

loidalstabilizerinscCO2,aSfarastheauthorisaware.Thisshouldbebe-

causestabilizationbyphysicaladsorptionofTS-PDMSontheparticlesur-

facewasineffectiveandlittlechemicalgraftingofTSIPDMStothesurface

oftheparticlestookplacewhen2,2'-azobis(isobutyronitrile)(AIBN)was

usedasaninitiatorl3,4].Fromtheseresults,itshouldbeindicatedthat

pnmaryradicalsgeneratedbydecompositionofAIBNandpropagatingpoly-

merradicals,sucbasPSandPMMAradicals,hadlowabilitytoabstract

hydrogensfromsiloxanemethylenegroupofTSIPDMSl15]･Usingorgmic

peroxideasaradicalinitiator,whichshouldbeabletoabstracthydrogens

fromsiloxanemethylenegroupsofTS-PDMS,chemiCalgraftingofTS-PDMS

tothesulfaceoftheparticlesshouldbeexpectedtobepossible.

Inthischapter,dispersionpolymerizationsofMMAwillbeconducted

withvarioustypesoforgamicperoxidesasradicalinitiatorsinthepresenceof

TS-PDMSinscC02,andPMMAparticleswillbeproduced･

2.2Experimental

2.2.IMaterials

MMAwaspurifiedbydistillationunderreducedpressureinamitrogenatmoI

sphere.TS-PDMSwithaweight-averagemolecularweight(Mw)ofabout

SFH-330t sCii: oI c;HFc

Scheme1AchemicatformulaofTS-PDMS
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Chaptel'2

Table1 Chemicalformulasofinitiatorsusedin廿1isstudy(BPO,p-TCP,LPOandAIBN),and廿1eircross-

JinkingefRciencies.)estimatedby廿1eamountOfdimersofpentadecaneproduoedduhng廿1edecompositions
ofinitiatorsinpentadecaneb)

Chemicalformulas CrossIJinkingefRciencies

BP｡ OlC;-0-0-CA-8 28CH3 CH3

p-TCP H3C-ciD0-3-0-0-C8-oO ci-HC,H3 24

LPO

A旧N

CH3-(CH2)10-C一〇一〇一C-(CH2)10-CH3
11 11
0 0

CH3 ?H31

CH3千 N=N-C-CH3l
CN CN

a)Percentageof廿1eradicalsusedindimeriza七〇nofpentade偽ne
b)Thetemperaturefordecompos-rtionwassetatwhich廿帽initjatorhadahalf七meof15min.

Abbreviations:BPO,benzoylperoxide;p-TCP:bis(4-トbutylcydohexyl)peroxydicarbonate;LPO.lauroyl
peroxide;AIBN,2,2'-azobis(isobutyroni廿ile)

5200g/molwasusedasreceivedfromSigma-AldrichCo.Thechemical

formulaisgiveninSchemel･IndustrialgradeCO2,Withapmityof99･5%

ormore,wasused.Reagentgradebenzoylperoxide(BPO)andAIBNwere

purifiedbyrecrystallization･Reagentgradelauroylperoxide(LPO)andn-

hexanewereusedasreceivedfrom NacalaiTesqueCotBis(4-g-

butylcyclohexyl)peroxydicarbonate(p-TCP)suppliedbyNOFCo･wasused

asreceived･Thepurityofthep-TCPwas90%.Thechemicalformulasof

initiatorsusedinthisstudyareglVeninTablel･

2.2･2DispersionpolymerizationinscCO 2

Dispersionpolymerizationswerecamiedoutina10-mLstainlesssteelreac-

torasdescribedinChapterI,undertheconditionslistedinTables2,3and4･

ThereactorwaschargedwithMMA,orgmicperoxide,TS-PDMS,anda5/
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16linch-sizedstainlesssteelballtomixinthereactor,andpurgedwithN2.

Then,thereactorwaspressmizedwithCO2tO10MPaat250Cuslngahigh-

pressurepump(NihonSeimitsuKagaku.Co.,NPIDl321J)andshakingvig-

orously.Thepolymerizationswerestartedbyheatingthemixturetodesired

temperature,withshakingat60cycles/min.After24h,thereactorswere

cooledinanicewaterbathandtheColWasVentedslowly.Theparticles

produced･WereobservedwithaNikonMICROPHOT-FXAopticalmicro-

scopeandaHitachiS-2500scanningelectronmicroscope(SEM)aftercen-

trifugalwashingwithn-hexanewhichisanonsolventforPMMAandagood

solventforPDMS[16].

2･2･3Ⅹ･rayphotoelectronspectroscopy

ThepolymercompositionoftheparticlesurfaαwasestimatedbyX-raypho-

toelectronspectroscopy(XPS)withaShimadzuESCAl3400electronspec-

trometerusingmagnesium Kαradiation(1150eV)atapotentialof8kVand

anX-raycurrentof30mA.Thedriedparticleswerespreadatthesurfaceof

anindiumplatewithaspat山a.Argonionsputtenngwasconductedat5･0Ⅹ

1014Pafor180Seeataconstantaccelerationvoltageofl･5kVandatanion

beamcu汀entOf20mA.

2.3Resultsanddiscussion

ThedispersionandprecipitationpolymerizationsofMMAwerecarriedout,

inscCO2for24hwithdifferenttypesofinitiatorsutilizingthe10-mLstain-

lesssteelreactorundertheconditionslistedinTable2.Theinitiatorconcen-

trationandpolymerizationtemperatureweredeterminedonthebasisofthe

ideadescribedasfollows･Initiationrateofradicalpolymerization･Ri･is
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Table2RecipesfortheproductionsofPMMAparticlesbyprecipitationpolymerizationa)ofMMA
withBPOanddispersionpolymerizationsa)ofMMAwi廿1Varioustypesofinitiatorsin廿1ePresenceOf
TS-PDMSb)inscCO2

fngredients

MMAC)

TS-PDMSb)

BPod)

p-TCPe)

LPOか

AIBNg)

)

)

)

I

ー

I

g

g

g

g

g

g

t

(

(

(

(

(

0.5 0.5 0.5 0.5

0.05 0.05 0.05

0.0097

0.0159

a)10-mLstain.esssteelreactor;60cycles/min;24h
b)Weight-averagemolecularweight(Mw),ca.5200;10wt%basedonMMA
c)0.5moL/L(5wlv%)

呼4･Ommol/L;R.(=2kdq:l]),2･1x1013mLIs-1;70･OoC
e)4･OmmollL;R.(=2kd別),2･1x1013mL-1s-1
ウ4･OmmoIIL;R.(=2kd4I)),2･1x1013mLllS-1
a)4.4mmoIIL;Ri(≡2kd4[]),2.1x1013mL-1S~1

36.7●C
54,6●C
59.9●C

Abbreviations:PMMA,poly(methylmethacrylate),'MMA,methylmethacrylate;TSIPDMS,
trimethylsiloxyterminatedpoly(dimethylsiloxane);BPO,benzoylperoxide;p-TCP;bis(41t-
butyLcyclohexyJ)peroxydjcarbonate;LPO,lauroyJperoxide;A旧N,2,2'-azobis(isobutyronitrile)

givenbyRi=fpi,Wherefistheimitiatorefficiencyandpiisthegeneration

rateofradicalS･ThepilSexpressedas2kdm,Wherekdistheratecoefficient

forinitiatordecomposition,andl]]istheimitiatorconcentration･Ingeneral,

dispersionpolymerizationswerecarriedoutinR･rangeoflO13-1014mL-Is-11

[17-19]･Guanandcoworkersl20]reportedthatkdandfvaluesofAIBNin

scCO2Were,respectively,about2.5timeslowerandaboutI.5timeshigher

thanthoseobservedinbenzeneatthesam etemperatureandatatmospheric

pressurebecauseoflowdielectricconstantandlowviscosityofscCO21In

thisexperiment,assumingthatthekdandfvaluesoforganicperoxidesin

scCO2havethesam etendencyasthoseofAIBNinscCO2,theinitiatorcon-

centrationandpolymerizationtemperaturegivingRiOf2･1Ⅹ1013mL-Is-1were

chosen･Thekdandfvaluesusedinthecalculationswere4･4x10-6S-landIlo

fortheorganicperoxides,and4･4x10-6S-landO･9forAIBN,respectively･
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Figure1Anopticalmicrograph(a)andascanningelectronmicroscope(SEM)

photograph(b)ofpoly(methyJmethacryJate)(PMMA)particlesproducedbythe

dispersionpoJymerizatjonofmethyJmethacryJate(MMA)withbenzoylperoxide

(BPO)(410mmol/L)insupercriticalcarbondioxide(scCO2)for24hinthepres-

enceoftrimethylsiloxyterminatedpoly(dimethylsiloxane)(TS-PDMS)(10wt%

basedonMMA).PMMAparticleswereredispersedinn-hexane.

ThesevaluescalculatedforpurescCO2maybesomewhatdifferentfromthose

forthemixtureofscC02andMMA･Actually,therearereportsthattherates

ofAIBNdecompositioninamixtureofCO2andcosolventsuchastetrahy-

drofuran(THF)[21]andmethanoll22]werehigherthanthatinpureCO2.In

calculatingthekdValueinscCO 2uSlngArrheniusequation,theactivationen-

ergiesOfl18･7and126.2kJ/molwereusedforp-TCPandLPO,respectively

[23].InthecaseoftheprecipitationpolymerizationwithBPOandthedis-

persionpolymerizatiOnwithAIBNinthepresenceofTS-PDMS,PMMAwere

obtainedasveryglutinousliquidsandsolidsontheinteriorwallofthereac-

tor.ForthemixtureofAIBNandTS-PDMSsystem,thisresultindicatedthat

anchoringoftheTS-PDMSatthesurfaceofthePMMAparticlegenerated

wasinefficient･Usingp-TCPandLPOinthepresenceofTS-PDMS,gluti-

-35-



Chapter2

nousliquidswereobtained,andtheconversionsweregravimetricallydeter-

minedtobe10and15%,respectively･UsingBPOinthepresenceofTS-

PDMS,theproductwasobtainedasthickirregularwhiteturbidfilms,andthe

conversionwasgravimetdcallydetemi nedtobe46%.

Figure1showsanoptiCalmicrographandaSEMphotographofPMMA

producedbythedispersionpolymerizationwithBPOasaradicalimitiatorin

scCO 2undertheconditionslistedinTable2,afterthecentrifugalwashing

withn-hexane,whichisanonsolventforPMMAandagoodsolventforPDMS.

WhenPMMAproducedwasputinton-hexaneandsonicated,transparent

medium becam etranslucent,whichshouldindicatetheproductionofPMMA

particles.AsshowninFig.1,actually,PMMAparticleswereproducedin

additiontothecoagdants.

InTable1,cross-linkingefficiencyvaluesoforgamiCperoxides(BPO,p-

Table3 RecipesfortheproductionsofPMMAparticles bydispersion
polymerizationa)ofMMAwithBPOatdiqerentTS-PDMSb)concentrations
(d%basedonMMA)inscCO2

TS-PDMSconcentrations(d%basedonMMA)
lngredients

10 100 200 400

ーt■1rhu
Jl"lHu
Jl"lHu

g

g

g

nH■川U
nrt■I
nHlHU

0.5 0.5 0.5 0.5

0.05 0.5 1.0 2.0

0.0097 0.0097 0.0097 0.0097

a)70oC;10-mLstainlesssteelreactor;60cyc.es/min;24h

b)Mw,ca･5200
0)0.5mol/L(5W/V%)
414,0mmoJ/L;Ri(=2kd41】),2.1x1013mL-1s~1

Abbreviations:PMMA,poly(methylmethacrylate);MMA,methyl
methacrylate;BPO,benzoylperoxide;TS-PDMS,trimethylsiloxytemlinated
po一y(dimethylsiloxane)
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TCPandLPO)andAIBN,whichwereestimatedbytheamountofdimmers

ofpentadecaneproduced血血 gthedecomposltlOnSOforga血cperoxidesin

pentadecanel24,25]wereshown.Thecross-linkingefficiencyvaluein-

creaseswithanincreaseofabilitytoabstracthydrogen･AsSmi ngthatthese

valuesmeasuredforpentadecaLnecouldbeappliedtoTS-PDMS,hydrogen

abstractionfromsiloxanemethylenegroupsshouldoccurmorefrequentlyin

thecaseofBPOthan inthecasesofp-TCP,LPOandAIBNduetothehigher

cross-linkingefficiencyvalueofBPO.Fromtheaboveconsideration,itcould

bethoughtthatsomeam ountofPDMS-g-PMMAweregeneratedbyabstrac-

tionofhydrogensfromsiloxanemethylenegroupuslngBPOandtheyworked

asaneffectivecolloidalStabilizer,whichleadstotheproductionofPMMA

particles･Whenp-TCP,LPOandAIBNwereused,toosmallamountof

PDMS-g-PMMAshouldbegeneratedtoproducePMM particlesduringthe

dispersionpolymerizationinscCO2･

InordertogeneratemorePDMS-g-PMMA,theconcentrationofTS-PDMS

wasincreasedanddispersionpolymerizationswereconductedunderthecon-

ditionslistedinTable3.Thelargertheam ountofTS-PDMSwasloaded,the

largertheam ountofPMMAparticleswereproduced,andthedegreeofco-

agulationofthePMMAparticlesdecreasedasshowninFig･2･

AtTS-PDMSconcentrationof400wt%basedonMMA,allPMMAwas

obtainedasparticlesandtheconversionwasgravimetriCallydeterminedto

be67%afterthewashingwithn-hexanefortheremovalofexcessTS-PDMSA

Itwasindicatedthattheconversioninthesystem,inwhichPMMAparticles

wereefficientlyproduced,washigherthanthatinthesysteminwhichPMMA

coagulantswereproduced.Evenafterthewashing,thePMMAparticleswere

stablydispersedinn-hexane,whichsuggestedthatPDMScomponentbonded
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Figure2OpticalmicrographsofPMMApaniclesproducedbydispersILOnPOly-

merizationsofMMAinscCO2WithBPO(4･Ommol/L)atd粁erentTS-PDMScon-
centrations(wt%basedonMMA).PMMAparticleswereredispersedinn-hexane.

attheparticlesurfaceextendedintothen-hexanemedium andworkedasa

colloidalStabilizer･Becausethesolubilityparam etervaluesofbothPDMS

andn-hexanearethesam evalue,14.9(MPa)I/2[16],andn-hexaneisagood

solventforPDMS,PDMSchainsmustextendinton-hexanemedium .Since

thePDMScomponentisCO2lPhilic,itshouldeffectivelyoperateasacolloi-

dalprotectivelayertodispersethePMMAparticlesstablyinscCO2medium

duringthedispersionpolymerization･Thenum ber-averagediam eter(Dn),

particlesizedistribution(Dw/Dn)andthecoefficientofvariation(Cv)forthe

PMMAparticlesproducedatTS-PDMSconcentrationof400wt%measured

ontheSEM photographwithimageanalysissoftware(MacScope,Mitani

Cot)werel151ym,1･06and15%,respectively･TheMwandMJM.ratiofor

thewashedPMMAparticleswere,respectively,1.0Ⅹ105g/moland3.2,which

weredeterminedfromgelpermeationchromatogram withTHFastheeluent.

TheweightpercentageofthePDMScomponentinthewashedPMMApar-

ticleswasdeterminedtobe1.0%,fromlHNMRspectrum measuredwitha

BrukerDPX250NMRspectrometeroperatlngat250MHzforprotonwith

200scans.
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Table4 RecipesfortheproductionsofPMMA particlesby

dispersionpolymerizationa)ofMMAatdifferentBPOconcentrations

(mmol/L)inthepresenceofTS-PDMSb)jnscCO2

BPO(mmoI/L)
Lngredients

2.Od) 4.Oe) 20.00

MMAC)

TSIPDMSb)

BPO

ttH■Hu
nHrhu
H1日u

g

g

g

nHr■川U
nHJJuー
nHJHU

0.5 0.5 0.5

2.0 2.0 2.0

0.0048 0.0097 0.0484

a)ca･30MPa;70oC;10-mLstainlesssteelreactor;60cycles/min;24h

b)Mw,ca･5200;400wt%basedonMMA
c)0.5moJ/L(5W/V%)

d)Ri(=2kd4L]),1.1x1013
e)Ri(=2kdm),2.1x1013
0R.(=2kdm),1.1x1014

Ll
nii
LI1
l
l

S
S
S

JJL
r
ll
nJHJ

l
-

L
L
L

m
m
m

Abbreviations:PMMA,poly(methylmethacrylate);MMA,methylmethacrylate;BPO,

benzoylperoxide;TS-PDMS,trimethylsiloxyterminatedpoly(dimethyLsHoxane)
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Figure3OpticalmicrographsofPMMAparticlesproducedbydispersionpoLy-

merizationsofMMAinscCO2atdifferentconcentrationsofBPO(mmol/L)inthe

presenceofTS-PDMS(400wt% basedonMMA).PMMAparticleswere

redispersedinn-hexane.
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Figure4SEMphotographsofPMMAparticlesproducedbydispersionpolymer-

izationsofMMAinscCO2atd折erentconcentrationsofBPO(mmol/L)inthepres-
enceofTS-PDMS(400wt%basedonMMA)

Figures3and4showopticalmicrographsandSEMphotographsofPMMA

particlesproducedatdifferentBPOconcentrationsglVlngRiintherangeof

Illx1013I1･1xlO14mL-1s-IundertheconditionslistedinTable4･InFig.3,

PMMAparticlesredispersedinn-hexaneafterthecentrifugalwashingwith

n-hexanewereobservedwithoptlCalmicroscope.AteveryBPOconcentra-

tion,allPMMAwereobtainedasparticles.AtBPOconcentrationof2.0

mmol/L,theconversionandDnweredeterminedtobe24%and930nm,

respectively･AtBPO00ncentrationof20mmol/L,polydispersePMMApar

ticleswereobserved,andtheconversion,Dn,DJDnandCvweredetermined

tobe67%,465nm,2.80and59%,respectively.Theconversionswereal-

mostthesam eatBPOconcentrationsof4.0and20mmol/L,andtheydidnot

changeeveninthedispersionpolymerizationfb∫48h･

Figure5ShowsXPSSi2,spectraforthewashedPMMAparticlesbefore

(a)andafter(b)argonionsputtering･InFig･5a,apeakduetoPDMScompo-

nentwasobservedat103eVandinFig･5b,thepeakwasweakenedand

shiftedto101eVafterthesputtering･Ithasbeenconfirmedthattheintensity

ofSi2ppeakduetoPDMScomponentwasnotweakenedwhenpurePDMS-
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Figure5XPSSi2pspectraforPMMAparticlesproducedbythedispersionpoJy-

merizationofMMAinscCO2WithBPO(410mmol/L)inthepresenceofTSIPDMS
(400wt%basedonMMA)before(a)anda什er(b)argonionsputteringat5_0x

104Pafor180Secatconstantaccelerationvoltageof1_5kVandationbeam
cur｢entof20mA

basedazoinitiator(VPS-0501,WakoPureChemicalIndustries,Ltd.)was

sputteredunderthesameconditions･Thepeakshiftshouldbeduetothe

chemicalchangeofPDMScomponentbytheargonionsputtenng･These

resultsindicatethatSiatomwasetchedafterthesputtenng,whichmeansthat

thesurfacesofthePMMAparticlesproducedinscCO2Wereoccupiedby

PDMScomponent.

2.4Conclusions

DispersionpolymerizationsofMMAwereconductedwithvarioustypesof

orgamicperoxidesasradicalinitiatorsinthepresenceofTS-PDMSstabilizer

inscCO2.UsingBPOasradicali血tiator,micron-sized,relativelymonodis-

persePMMAparticleswereproduced･
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Chapter3

PmdtICtionofpoly(methylmethacrylate)

particlesbydispersionpolym erization

inthepresenceofmercaptopropyltermi nated

poly(dimethylsiloxane)stabiliZ;er

insupercriticalcarbondioxide

3.1mtroduction

SupercriticalCarbondioxide(scCO2)possessesinterestingsolventproper-

tieswhichhavebeenappliedtoarangeofseparationandextractionpro-

cesses,aswellasorgamiCreactionsandpolymerizationsl1-5].Therehas

beenincreaslnginterestinconductingdispersionpolymerizationinscCO2

andstabilizershavebeendevelopedwhichareeffectiveinscCO2.Upto

present,somenuorinatedpolymersandpoly(dimethylsiloxane)-basedpoly-

mershavebeenidentifiedasbeingsolubleinCO2[4,5].InChapter2,the

authorsucceededinproducingpoly(methylmethacrylate)(PMMA)particles

bydispersionpolymerizationofmethylmethacrylate(MMA)inthepresence

oftrimethylsiloxytemi natedPDMSwithbenzoylperoxideasaninitiatorin

scCO2.

MercaptopropylteminatedPDMS(MP-PDMS),whosefbrmdaisgiven

inScheme1IconsistsofPDMSmi t,whichisCO2-Philic,andmercaptopropyl

group,whichshouldworkasachaintransferagentinradicalpolymeriza-

tions.ItshouldbeexpectedthatPDMS-あーPMMAisgeneratedbyachain

transferreactionduringadispersionpolymerizationofMMAinscCO2and

thatitshouldworkasacolloidalStabilizer･MP-PDMSiscom erCiallyavail-

144-



ProductionofPm particlesinthepresenceofMP-PDMSinscCO2

ableandismuchlessexpensive(ca･130euro/kgl6])incomparisonwith

generalcolloidalstabilizersusedinscCO 2(e･g･,Ca･330euro/450gforthe

carboxylictemi natedperfluoropolyetherl7],ca120euro/50gforthePDMS

macromonomerl8]).Takingtheindustrializationintoconsideration,itwill

beadvantageoustouseMP-PDMSasacolloidalstabilizerinscCO2･

Inthischapter,PMMAparticleswillbeproducedbydispersionpolymer-

izationofMMAinscCO2With2,2'-azobis(isobutyromitrile)(AIBN)inthe

presenceofMP-PDMSasacolloidalStabilizer･

3.2Experimental

3.2.IMaterials

MMAwaspurifiedbydistillationunderreducedpressureinamitrogenatmo-

sphere.ReagentgradeAIBNwaspurifiedbyrecrystallization･Twokindsof

MP-PDMSs(X-22-167BandX-22-167C)suppliedbyShin-EtsuChemical

Co.wereusedasreceived.ThechemiCalformulasareglVeninSchemel.

Thenum ber-averagemolecularweights(Mn)ofX122-167BandX-22-167C

areabout3340and4820g/mol,respectivelyl6]･Trimethylsiloxytemi nated

PDMS(TS-PDMS)withaweight-averagemolecularweight(Mw)ofabout

5200g/molwasusedasreceivedfromSigma-AldrichColIndustrialgrade

CO2,Withapurityof99･5%ormore,wasused･Guaranteedreagentn-hex-

Si-C3H6SH

∩≒40(X-22-167B)

∩≒60(X-22-167C)

HSC3H61Si-

Scheme1ChemicalformulasofMP-PDMS
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Table1 RecipesfortheproductionsofPMMApa佃clesbyprecipitation
polymerizationa)ofMMAwithAIBNanddispersionpo吋merizationsa)of
MMAwithAIBNinthepresenceofTS-PDMSb)orMPIPDMSC･QinscCO2

Ingredients

MMAC)

AIBNか

TS-PDMSb)

MP-PDMSc)

MP-PDMSd)

I

)

)

)

)

g

g

g

g

g

t

t

t

(

(

2
･
｡

0
･
｡ー

一

Li

0

O

2

2

0

0

2
･
｡

竺

竺

2
･
｡

竺

一
〇
･
2

a)ca.30MPa;65'C;10-mLstainlesssteelreactor;60cycles/min;24h
b)Number-averagemolecularweight(Mn);ca.5200g/mod
c)Mn,ca.3340g/mol
qMn,ca.4820g/mo†
e)2.0rnol/L(20wJv%)

OR-(=2kdm),5.1xlO13mL-1sl1;kd,7,7xlO~6S-1;f.0.9

Abbreviations:PMMA,po一y(methylmethacrylate);MMA,methyJmethacrylate;AIBN,2,2'-
azobis(isobutyronitriLe);TS-PDMS,trimethylsiloxyterminatedpoly(dimethylsiloxane);MPI
PDMS,mercaptopropyFterminatedpoly(djmethy]siloxane)

aneandchlorofom wereusedasreceivedfromNacalairresqueCo.Sodium

dodecylsulfate(SDS)wasusedasreceivedfromWakoPureChemicalIn-

dustries,Ltd.

3･2･2DispersionpolymeriationinscCO2

Dispersionpolymerizationswerecamiedoutin10-mLand25-mLstainless

steelreactorsasdescribedinChapterl,undertheconditionslistedinTables

1,2and3.EachreactorwaschargedwithMMA,AIBN,MP-PDMS,anda5/

16-inch-sizedstainlesssteelball(forthe101mLreactor)oramagneticstir

bar(forthe25-mLreactor)tomiⅩinthereactors,andpurgedwithN2･Then,

thereactorwaspressmizedwithColtO10MPaat250Cusingahigh-pres-

surepum p(NihonSeimituKagaku･Col,NP-D-321J)andshakingvigorously･

Thepolymerizationswerestartedbyheatlngthemixtureto65oC,atwhich
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thepressureinthereactorreachedabout30MPa,withshakingat60cycles/

min(forthe10-mLreactor)Orwithstimingat420rpm(forthe25-mLreac-

tor)･After24h,thereactorwascooledinanicewaterbathandtheCO2Was

ventedslowly.PolymerizationsofMMAwithAIBNimitiatorintheabsence/

presenceofTS-PDMSwereconductedinasimilarway.Theparticlespro-

ducedwereobservedwithaHitachiS-2460Nscannlngelectronmicroscope

(SEM)aftercentrifugalwashingwithn-hexanewhichisanonsolventfor

PMMAandagoodsolventforPDMS[9].

3.2.3X-rayphotoelectronspectroscopy

ThepolymercompositionoftheparticlesurfacewasestimatedbyX-raypho-

toelectronspectroscopy(XPS)withaShimadzuESCA-3400electronspec-

trometerusingmagnesium Kαradiation(1150eV)atapotentialof8kVand

anX-raycurrentof30mA･Thedriedparticleswerespreadatthesurfaceof

anindium platewithaspatula.Argonionsputteringwasconductedat5.0A

lOl4Pafor150seeataconstantaccelerationvoltageofI.5kVandatanion

beamcu汀entOf20mA.

3.2.4ExtractionofPDMScomponent

Achloroform (1･6g)solution,inwhichPMMAparticles(loomg)produced

inscCO2Weredissolved,wasemulsifiedinaSDSaqueousmedium (20g)

uslnganultrasomichomogemizerinaglasscylindricalreactor,andthenthe

cldoroformwasgraduallyreleasedbyevaporationfromtheemulsionunder

stimingatroomtemperaturefor48h･Afterthreetimescentrifugalwashing

withadistilledwater,theparticlesweredriedandwereredispersedinn-

hexane,andthenextractionofPDMScomponentfromtheparticleswascon-
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ductedunderstimingatroomtemperaturefor2weeks･Aftertheextraction,

theamountofPDMScomponentintheparticleswasdetemineduslnglH

NMR･ExtractionofPDMScomponentfromtheparticles,whichwasmade

ofthemixtureofMP-PDMS(Mn,about4820g/mol)andPMMAhomopoly-

merproducedbysolutionpolymerizationwi也AIBNintoluene,wascon-

ductedinthesameway.

3.3Resultsanddiscussion

Chaintransferconstants(Cs)tododecamethylpentasiloxaneand3-(3-

mercaptopropyl)siloxane,whichcouldbethoughttobemodelreagentsof

TS-PDMSandMP-PDMS,respectively,lnradicalpolymerizationofMMA

at79.5oCwere1.45Ⅹ10~5and1.28Ⅹ10-I,respectivelyl9].Csvalueof3-(3-

mercaptopropyl)siloxanewasfourordersofmagnitudehigherthan thatof

dodecam ethylpentasiloxane･InthepresenceofTS-PDMS,PMMA andPS

particlescouldnotbeobtainedbydispersionpolymerizationwithAIBNin

scCO2[10,11]andinheptanel12]･Inthesepolymerizationsystems,theTS-

PDMScouldnotbeattachedtoPMMAandPSparticlesbychemicalgrafting

andphysicaladsorption,whichshouldnotleadtoTS-PDMSbeinganeffec-

tivecolloidalstabilizer.InthecaseofMP-PDMS,basedonthelargeCs

value,itshouldbeexpectedthatPDMS-g-PMMAwillbegeneratedbythe

chaintransferreactiontoterminalmercaptopropylgroupofMP-PDMSdur-

1ngthedispersionpolymerizationofMMAandshouldworkasaneffective

colloidalstabilizerinscCO2･

TheprecipitationanddispersionpolymerizationsofMMAwerecarried

outinscCO2atabout30MPafor24hat65oCutilizingthe10-mLstainless

steelreactorundertheconditionslistedinTable1.TheAIBNconcentration
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wasdetemi nedonthebasisoftheideadescribedasfollows.Imitiationrate

ofradicalpolymerization,Ri,isgivenbyRi=fpi,Wherefistheimitiator

efficiencyandpiisthegenerationrateofradicalS･ThepilSexpressedas

2kdlI],wherekdistheratecoefficientforinitiatordecomposition,andlI]is

theimitiatorconcentration.Ingeneral,dispersionpolymerizationswerecar-

riedoutinRirangeOflO1311014mL-1s-1[13115]･Guanandcoworkersre-

portedthatkdandfvaluesofAIBNinscCO2Were,respectively,about2･5

timeslowerandabout1.5timeshigherthanthoseobservedinbenzeneatthe

sametemperatureandatatmosphericpressurebecauseoflowdielectriccon-

stantandlowviscosityofscCO2[16]･Inthisexperiment,theAIBNconcen-

trationgivingRiOf5･1Ⅹ1013mi jls-1waschosen･Thekdandfvaluesusedin

thecalculationwere7･7i10-6S-landO･9,respectively･Thesevaluescalcu-

latedforpurescCO 2maybesomewhatdifferentfromthoseforthemixtureof

scC02andMMA･Actually,therearereportsthattheratesofAIBNdecom-

positioninamixtureofCO2andcosolventsuchastetrahy血ofur弧 (THF)

[17]andmethano][18]werehigherthanthatinpureCO･2･

Figure1showsPMMAproducedbytheprecipitationanddispersionpo-

1ymerizationswithAIBNinscCO2afterthecentrifugalwashings･Inthelat-

terpolymerizations,TSIPDMSandMP-PDMSwereusedascolloidalstabi-

1izer･Inthecasesoftheprecipitationpolym erization(Fig･la)andthedisper-

sionpolymerizationwiththeTS-PDMS(Fig･lb),PMMAwereobtainedas

thickirregulartransluantrllmsontheinteriorwallofthereactor･Thisresult

indicatesthatanchoringoftheTS-PDMSatthesurfaceofthePMMApar-

ticlegeneratedwasinefficient.InthepresenceofMP-PDMS(Mn,about

3340g/mol),theproductwasathicki汀egularwhitePMMAfilmandthe

irregularstructurewasobservedinFig･lcIInthepresenceofMP-PDMS
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(Mn,about4820g/mol),theproductwasobtainedasnonsphericalPMMA

particlesasshowninFig･ldandathickirregul arwhitePMMAfilm,andthe

conversionwasgravimetriCallydetemi nedtobe83%.Evenafterthewashl

lng,thePMM particleswerestablydispersedinn-hexane,whichsuggested

thatPDMScomponentintheMP-PDMSbondedattheparticlesurfaceex-

tendedintotheJトhexanemedium andworkedasacolloidalstabilizer.Be-

CausethesolubilityparametervaluesofbothPDMSandn-hexanearethe

san evalue,14.9(MPa)I/2[21],andn-hexaneisagoodsolventforPDMS,

PDMSchainsmustextendi血on-hexanemedium ･SincethePDMScompo-

Figure1Scanningelectronmicroscope(SEM)photographsofpoly(methylmeth-

acrylate)(PMMA)particlesproducedbytheprecipitationpoLymerizationofmethyl

methacrylate(MMA)wl-th2.2'-azobis(isobutyronitrHe)(AIBN)(a)orthedispersion

polyme｢izationsofMMAwithAIBNinthepresenceoftrimethylsiloxyterminated

poJy(dimethyLsiloxane)(b)ormercaptopropylterminatedpoly(dimethylsiloxane)

(MP-PDMS)lMn(g/mol):(C)ca13340;(d)ca･4820]inscCO2utilizingthe10-mL

hi9h-pressurereactorafteracentrifugalwashingwithJ‡-hexane
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nentisCO2-Philic,itshouldeffectivelyoperateasacolloidalprotectivelayer

todispersethePMMAparticlesstablyinscCO2medium duringthedisper-

sionpolymerization･Thenum ber-averagediam eter(Dn)andthecoefficient

ofvariation(Cv)forthewashedPMMAparticlesmeasuredontheSEMpho-

tographwithimageanalysissoftware(MacScope,MitaniCo.)wereI.71ym

and33%,respectively･TheMAan dMJMnratioforthewashedPMMApar-

ticleswere,respectively,1.5A105g/moland2.2,whichweredetermined

fromgelpermeationchromatogram swithTHFastheeluent.Theweight

percentageofthePDMScomponentinthewashedPMMAparticleswasde-

temi nedtobe0.9%,fromlHNMRspectrameasuredwithaBrukerDPX250

NMRspectrometeroperatingat250MHzforprotonwith200scans.Inorder

tocheckwhetherMP-PDMS,whichwerefreeandadsorbedphysicallyon

thePMMAparticles,waswashedawaybythecentrifugalwashing,tentimes

washingofthemixtureofMP-PDMS(1g)andthewashedPMMAparticles

(100mg)withn-hexanewasconducted,furthermore.Theweightpercentage

ofthePDMScomponentinthemixtureofMP-PDMSandthePMMApar-

ticlesafterthetentimeswashingwithn-hexanewasconsistentwiththatof

thewashedPMMAparticlesbeforethemlXlngWithMP-PDMS･Itwaslikely

thatMP-PDMSwhichwerefreeandadsorbedphysicallywaswashedaway

bythewashingandthatPDMScomponentintheparticlesafterthewashing

wasduetoPDMS-g-PMMAgenerateddmingthedispersionpolymerization･

TheseresultsindicatethatMP-PDMShadtwofunctions:achaintransfer

agentandacolloidalStabilizer･Hereafter,itiscalled"transtab"(土ransfer

agentandstabilizer).Infollowing,thedispersionpolymerizationswerecar-

riedoutinthepresenceofMPIPDMS(Mn,about4820g/mol)asatranstab･

Figure2ShowsXPSSi2,SpectraforthewashedPMM particlesbefore
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Figure2X-rayphotoelectronspectroscopySi2pspectraforPMMApanicIespro-
ducedbythedispersionpolymerizationofMMAwithAIBNinthepresenceofMPI

PDMS(Mn,ca･4820g/mol)inscCO2utilizingthe10-mLhigh-pressurereactor
afterthecentrifugalwashingwithn-hexane,before(a)andafter(b)argonion

sputteringat5.0xlO~4Pafor150Secataconstantaccelerationvoltageof1.5kV

andatanionbeamcurrentof20mA

(a)andafter(b)argonionsputtering･ApeakduetoPDMScomponentwas

observedat103eVbeforethesputtenng,andwasweakenedandshiftedto

102eVafterthesputtering.ItwasconfirmedthattheintensityofSi2pPeak

duetoPDMScomponentwasnotweakenedwhenpurePDMS-based

azoinitiator(VPS-0501,WakoPureChemicalIndustries,Ltd･)wassputtered

underthesameconditions.Thepeakshiftshouldbeduetothechemical

changeofPDMScomponentbytheargonionsputtenng･Theseres山tsindi一

mtethatthesurfacesofthewashedPMMAparticleswereoccupiedbyPDMS

COmpOnent･

Figure3showsSEMphotographsofPMMAparticlesproducedatdiffer-

entMPIPDMS(Mn,about4820g/mol)concentrations(wt%basedonMMA)
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Table2 RecipesfortheproductionsofPMMApaniclesbythedispersion
polymerizationa)ofMMAwithAIBNinthepresenceofMPIPDMS(Mn,ca.
4820g/moI)inscCO2

Ingredients 0.5 2.5 5.0 10 25

MMAb) (g) 2,0 2.0 2.0 2.0 2.0

AIBNc) (g) 0.01 0.01 0.01 0.01 0.01

MP-PDMS (g) 0.01 0.05 0.1 0.2 0,5

a)ca･30MPa;65°C;10-mLstainlesssteelreactor;60cycles/min;24h
b)2.0moIA(20W/V%)
C)Ri(≡2kd411),5.1xlO13mL~1Sl1;kd,7.7xlOl6sl1;f,0.9

Abbreviations:PMMA,poly(methylmethacryLate);MMA.methylmethacrylate;AIBN,2,2'-
azobis(isobutyronitrile);MP-PDMS,rnercaptopropylterminatedpoly(dimethylsHoxane)

undertheconditionslistedinTable2.At0.5wt%,allPMMAwasobtained

asathickirregularwhitefilm･At2･5-25wt%,nonspheriCalPMMAparticles

andwhitePMMAfilmswereprepared,andtheparticlediam eterdecreased

frommicronsizetosubmicronsizewithan increaseinthetranstabconcentra-

tion･At25wt%,theweightpercentageofPDMScomponentintheparticles

afterthewashingwasdetemi nedtobe1･6wt%,whichwaslargervaluethan

thatof10wt%･Tomimimizeexperimentalerror,thePMMAparticlespro-

ducedatthetranstabconcentrationof25wt%wasusedfortheextraction

experiment･Theam ountofPDMScomponentinthePMMAparticleswas

notchangedbeforeandaftertheextractionwithn-hexane,whereasforthe

particlesofthemixtu托OfMP-PDMSandPMMAhomopolymer,theam ount

ofPDMScomponentdecreasedtotheexperimentalerrorlevelaftertheex-

traction.TheseresultsshowedthatPDMScomponentinPMMAparticles

producedinscCO2WasduetoPDMS-g-PMMAgeneratedbythechaintrans-

ferreactionduringthedispersionpolymerization.
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Figure3SEMphotographsofPMMApaniclesproducedbythedispersionpoly-

merizationofMMAwithAIBNatdifferentMP-PDMS(Mn,cad4820g/mol)concen-

trations(wt% basedonMMA)inscCO2utilizingthe10-mLhigh-pressurereactor

afterthecentrifugalwashingwitha-hexane

FILgure4ASEM photographofasectionofathickirregularwhitePMMAfilm

producedbythedispersionpolymerjzatjonofMMAwithAJBNatMP-PDMS(Mn,

cal4820g/mol)concentrationoflOwt%basedonMMAinscCO2utilizingthe10-

mLstainlesssteelhigh-pressurereactorafterthecentrifugalwashingwithn-hex-

ane
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Figure4ShowsaSEMphotographofasectionofthethickirregularwhite

PMMAfilmproducedbythedispersionpolymerizationattheMP-PDMS

(Mn,atx)ut4820g/mol)concentrationof10wt%.Thefilm S館mStObeformed

bycoagulationoftheparticles･ItiswellknownthatPMMAwashighly

plasticizedbyCO2,WhichresultedinthelowerlngOfglasstransitiontem-

perature(Tg)ofPMMAl19-22].Fehrenbacherandcoworkersindicatedthat

PMMAfilm sorbed28vo1%ofColbasedonthevolum eofPMMAfilmin

scCO2at59･8oCand2919MPal23]･AssumingthatthedensityofCO2in

PMMAisestimatedtobeIlogmL-1l23,24],theweightratioofPMMA/C02

inthescCO2iscalculatedtobe1/0･28･Condoandcoworkerspredictedthat

㌔ofPMMA,whichsorbedabout25wt%ofCO2basedontheweightof

PMMA,mightbedowntoabout-25oCl19].Fromtheabovedataandthe

prediction,itshouldbethoughtthatTgofPMMAparticlesinscC02at65oC

and30MPawasdownnear125oC.SedimentationdistanceofI-ym-sized

CO21SOrbedPMMAparticleinscCO2(PMMA/COLWeightratio,1/0･28)for

24hshouldbecalculatedtobe188mmutilizingtheStokesequation,andthe

distancefortheparticletomovebyBrownianmotioninthescCO2Shouldbe

calculatedtobeI･ImmutilizingtheEinstein-Stokesequation.Inthecalcu-

1ationsofthesedistances,thefollowlngValueswereused:thedensitiesof

scCO2(60oC,32･9MPa)andPMMA,0･85gmL-1[25]andl･19gmL-1[9],

respectively;coefficientofviscosityofscCO 2(77oC,30MPa),0･075Ⅹ10~3

kgms-1[26];Avogadro'snum ber,6･02x1023m01-I;gravitationalaccelera-

tion,9･81ms-2･Thecalculateddistancesme弧thatmicron-sized･CO2-SOrbed

PMMAparticlesinthescCO2Shouldsedimentbytheendofthedispersion

polymerizatiOnwithoutstirring･InthedispersionpolymerizationofMMA

utilizingthe10-mLreactorwiththestainlesssteelball,theefrlCiencyofstir-

-55-



Chapter3

Table3 ArecIPefortheproductionofPMMA
particlesbydispersionpoJymerizationa)ofMMA
withAIBNjnthepresenceofMPIPDMS(Mn,ca.

4820g/mol)inscCO2

Lngredients

MMAb)

AIBNc)

MP-PDMS

MrLu
M■.rhu
M■ー■Hu

g

g

g

n川川HHr
nrJ川U
nuJHU

a)ca.30MPa;65oC;25-mLstainlesssteelreactor
420rpm;24h

b)2.0mol/L(20W/V%)
C)Ri(=2kdqL]),5.OxlO13mL･1S-1;kd,7,7xlOJ6S-1;f,0.9

Abbreviations:PMMA,poly(methylmethacrylate);MMA.
methylmethacrylate;AIBN,2.2'-azobis(isobutyronitriLe);MP-
PDMS,mercaptopropylterminatedpoJy(dimethylsiloxane)

nngmaybelowasdescribedinChapter1,andtheCO2-SOrbedPMMApar-

ticles,whoseTgmightbenew -25oC(furtherbelow-25oCiftherewereMMA

andCO2inPMMAparticles),seemtosediment,whichresultsindeformation

ofPMM particlesandformationofthethickirregularwhitePMMAfilm.

ThedeformationofPMMAparticlesandtheformationofthePMMAfilm

mustbepromotedbyrollingof血estai山esssteelballonthesedimented

PMMAparticles･

Toimprovetheefficiencyofstiming,the25-mLhigh-pressurereactorwas

used.Inthisreactor,thestir血gwasconductedwiththemagneticstirbar.

Utilizingthe251mLhigh-pressurereactor,PMMAwasalmostobtainedasa

free-flowlngWhitepowderundertheconditionsshowninTable3,anditwas

confirmedthatsphericalPMMAparticlesresultedasshowninFig.5.The
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Figure5ASEMphotographofPMMAparticlesproducedbydispersionpolymer-

izationofMMAwithAJBNatMP-PDMS(Mn.cal4820g/mol)concentrationof10

wt%basedonMMAinscCO2utilizingthe25-mLhigh-pressurereactora什erthe

centrifugalwashingwithn-hexane

conversionwasdeterminedtobe82%,whichwasalmostthesamevaluein

comparisonwiththatobtainedutilizingthe10-mLhigh-pressurereactor･The

MwandMJMnratioforthewashedPMMAparticleswere,respectively,2･5x

105g/moland2･5,andtheweightpercentageofthePDMScomponentinthe

PMMAparticlesafterthewashingwasdetemi nedtobe2･9%･Dnan dCvof

thePMM particlesafterthewashingwere2･37ymand16%,respectively.

Thediam eterbecamelargerandthemonodispersityofthePMM particles

wasimprovedbyincreaslngOfthestimingefficiency.

3.4Conclusions

PMMAparticleswereproducedbydispersionpolymerizationofMMAinthe

presenceofMP-PDMSinscCO2atabout30MPafor24hat65oC.The

particlediametercouldbecontrolledinarangeofsubmicrontomicronby

varymgMP-PDMSconcentration･TheMP-PDMSworkedasnotonlyachain
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血 nsferagentbutalSoacolloidalsiabilizer,whichwasnam ed"inn血 ".
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Chapter4

Pmductionofpoly(methylmethacrylate)

particlesbydispersionpolym eri2ation

withpoly(dimethyls仙)玉ane)-basedazoinitiator

instIPerCriticalcarbondioxide

4.1Introduction

Dispersionpolymerizationisavaluablemethodfortheproductionofpoly-

merparticlesinthesizerangesubmiCronsizetomicronsize･Inthedispersion

polymeriZation,aCOlloidalStabilizerisusedtostabilizetheproductasapoly-

mercolloid,andtheirarchitecturesincludehomopolymeraswellasblock,

graft,orrandomcopolymersandcopolymerizablestabilizersl1-3].Inthe

dispersionpolymerizationinsupercriticalcarbondioxide(scCO2),Various

typesofcolloidalstabilizersdescribedabovehavebeenalsousedl4]･For

example,recently,Shafferandcoworkersconducteddispersionpolymeriza-

tionofmethylmethBLCrylate(MMA)inthepresenceofpoly(dimethylsiloxane)

(PDMS)-basedmacromonomerwith2,2'-azobis(isobutyromitrile)(AIBN)in

scCO2,andsucceededinproducingpoly(methylmethacrylate)(PMMA)par-

ticles【51.1nthispolymerizationsystem,PDMS-basedmacromonomerco-

polymeriZedwithMMA,andworkedasacolloidalstabilizerinscCO2･In

Chapters2and3,ithasbeenshownthattrimethylsiloxyterminatedPDMS

andmercaptopropylterminatedPDMS(transtab)canbecovalentlybonded

atthesurfaceofPMM particlesandcanbeusedascolloidalstabilizersin

scCO2,reSpeCtively･

PDMS-basedazoimitiator,whoseformulaisglVeninSchemel,hasazo-
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groupsandPDMSmi ts,andthismacroinitiatorisexpectedtoworknotonly

asanimitiatorbutalsoasacolloidalStabilizer.

Inthischapter,submicron-tomicron-sizedPMMAparticleswillbepro-

ducedbythedispersionpolymerizationsofMMAinscCO2WithPDMS-based

azoimitiatorintheabsenceofcolloidalStabilizer.

C
-
C
-
C

N

3

ニ

H

N

N

C
-
C
I
C

2nrhu
2H

二

∵

3H CH3CH3

(CH2)2CONH(CH2)3Si(0SJ')m(CH2)3NH

N CH3CH3

n-6-10
m≒ 68

Scheme1AchemicaJformulaofPDMS-basedazoinitiator(VPS-0501)

4.2Experimental

4.2.1Materials

MMAwaspurifiedbydistillationunderreducedpressureinanitrogenatmoI

sphere･ReagentgradeAIBNwaspurifiedbyrecrystallization.PDMS-based

azoinitiator(VPS-0501),commerciallysuppliedbyWakoPureChemiCalIn-

dustrieswasusedasreceived.Thenumber-averagemolecularweightisin

therangeofabout3x104-5i104g/mol.IndustrialgradeCO2,Withapurity

of99.5%ormore,wasusedasreceivedfromKobeSansoCo.Guaranteed

reagentn-hexanewasusedasreceivedfrom NacalaiTesqueCo･

Trimethylsiloxytemi natedPDMSCrSIPDMS)Withweight-averagemolecu-

larweight(Mw)ofabout5200g/molwasusedasreceivedfromSigma-Aldrich

Co.Commercialgradesorbitan monooleatenomionicemulsifier(RheodoI

Sp-010,KaoCo.)andoxye血yleneoxypropyleneblockcopolymer
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(Pronon#201,NOFCo.)wereusedasreceived.

4･2･2Dispersionpolymeri23tioninscCO2

PolymerizatiOnswerecarriedoutina90-mLstainlesssteelreactor,equlPped

withsapphirewindowsforobservationoftheinside,asdescribedinChapter

I.ThereactorwaschargedwithMMAandVPSl0501,andpurgedwithCO2,

andthenpressmizedwithCO2tO10MPausinghighpressurepump(Nihon

SeimituKagaku.Co.,NP-D-321J)atroomtemperaturewithstimingat750

rpmuslngarotarylmPellerstirrertomixinthereactor.Itwasconfirmed

withnakedeyesthroughthesapphirewindowsthattheCO2SOlutionwas

homogeneous.Thepolymerizationwasstartedbybeatingthemixtureto

65cc,atwhichthepressureinthereactorwasadjustedto30MPabyadding

CO2Withstirnngat200rpm･Theintemalpressuredecreasedsomewhat

duringthepolymerization,whichshouldbeduetothedecreaseofthevol-

umewiththeconversionofMMAtoPMMA.After24h,thereactorwas

cooledtoroomtemperatureandtheColWasVentedslowly･Thepolymeriza-

tionsofMMA(18.0g)witheitherAIBN(0.295g)orthemixtureofAIBN

(0.295g)andtheTS-PDMS(9.07g)wereconductedinasimilarway.The

producedparticleswereobservedwithaHitachiS-2500scannlngelectron

microscope(SEM)･

4.2.3X-rayphotoelectronspectroscopy(XPS)

XPSdatainFig.4wereobtainedwithaKratosXSAM-800apparatususlng

magnesiumKαradiation(1253.6eV)atapotentialof12.5kVandanX-ray

currentof12mA , Thepressureinthemeasurementchamberwasabout2.0Ⅹ

10-7Tor,･ADigitalEquipmentCorporationDs-800computersystemwas
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usedforspectrometercontrolanddatahandling･XPSdatainFig･5were

obtainedwithaShimadzuESCA13400electronspectrometeruslngmagne-

sium Kαradiation(1150eV)atapotentialof8kVandanX-raycurrentof30

mA.ArgonionsputterlngWasCOnductedat5･Ox10-4Pafor200seeata

constantaccelerationvoltageof1.5kVandatanionbeamcurrentof20mA･

Driedparticleswerestoredunderreducedpressurebycontinuousoperation

ofadiffusionpumpjustbeforeXPSmeasurement･Thedriedparticleswere

spreadonanindiumplatewithaspamla･

4.3Resultsanddiscussion

DispersionpolymerizationofMMA(18･Og)wascamiedoutwithVPS10501

imitiator(9.07g)inscCO2at30MPafor24hat65oCinthe90-mLstainless

steelreactor.Where,也eVPS-0501concentrationwasdeterminedonthe

basisoftheideadescribedbelow.Inradicalpolymerization,imitiationrateof

polymerization,Ri,isgivenbyRi=fpi,Wherefistheinitiatorefficiencyand

piisthegenerationrateofradicalS･Thepiisexpressedas2kdlI],wherekd

istheratecoe爪Cientfわrinitiatordecomposition,and[Ⅰ]istheinitiatorcon-

centration･Ingeneral,dispersionpolymerizationswerecamiedoutinRirange

of1013-1014mLlls-1[6-8]･DeSimoneandcoworkersreportedthatkdandf

valuesofAIBNinscCO2Were,respectively,about2.5timeslowerandabout

1･5timeshigherthan血oseobseⅣedinbenzeneat血esametemperature弧d

atatmosphericpressurebecauseoflowdielectricconstantandlowviscosity

ofscC02[9]･AssumingthatkdValueofVPS-0501isequaltothatof4,4'-

azobis(4-cyanopentanoicacid)[10],thefvalueofVPS-0501is0.24lll],and

thesekdandfvaluesofVPS-0501inscCO2havethesametendencyasthose

ofAIBNinscCO2describedabove,theVPSl050lconcentrationglVlngRiOf
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3･7x1013mL-'S-1wasdetermined･ThisvaluecalculatedforpurescCO 2may

besomewhatdifferentfromthatforthemixtureofscCO 2andMMAinthe

polymerizationsystem･Actually,therearereportsthattheratesofAIBN

decompositioninamixtureofCO2andcosolventsuchastetrahydrofuran

CTHF)[9]andmethanoll12]werehigherthaninpureCO2.

Figure1showsoptlCalphotographsofthestateofthereactionmixtureas

observedthroughthesapphirewindowsduringthedispersionpolymeriza-

tionwithVPS-0501inscCO 2･Beforethepolymerization,itcouldbecon-

firmedthaHhemixturewashomogeneous.Afterabout1h,aredcolor,which

shouldbeduetothescatterlngOftransmittedlightbythegrowlngpolymer

particles,wasobserved･Afterthepolymerization,lightcouldnotbetrans-

mitted･TheconversionofMMAwasdeterminedtobe87%Withagravi-

metricalmethod.

Figure2showsSEMphotographsofproducedPMMAparticles,before

(a)andafter(b)centrifugalwashingwithn-hexane,whchisanonsolventfor

PMMAandagoodsolventforVPS-0501･Theboundaryam Ongtheparticles

wasnotclearbeforethewashing,whereasitwasclearlydistinguishedafter

Figure1Opticalphotographsofthestateofthereactionmixtureasobserved

throughthesapphirewindowsduringthedispersionpolymerizationofmethylmeth-

acrylate(MMA)withVPS-0501insupercritjcaJcarbondioxide(scCO2)
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Figure2Scanningelectronmicroscope(SEM)photographsofpoly(methylmeth-

acrylate)(PMMA)particlesproducedbythedispersionpolyme｢izationofMMA

withVPS-0501inscCO2before(a)anda冊er(b)centrifugalwashingwithn-hex-

ane

thewashing･FreePDMSgeneratedbycompletedecompositionofVPSl

0501,andundecomposedandpartiallydecomposedVPS-0501shouldbere-

movedbythewashing.Thewashedproductwasafree-flowingWhitepow-

der,though theoriginalproductbeforethewashingwastackysolid,which

shouldbeduetotheexistencesofexcessivefreePDMSandundecomposed

andpartiallydecomposedVPS-0501･Thenum ber-averagediam eter(Dn)and

thecoefficientofvariation(Cv)forthewashedPMMAparticlesmeasured

withimageanalysissoftwareforMacintosh(MacScope,MitaniCol)were,

respectively,210nmand15.5%･TheweightpercentageofPDMScompo-

nentinthewashedPMMAparticleswasdetemi nedtobe15%fromlHNMR

spectrummeasuredwithaBrukerDPX250NMRspectrometeroperatlngat

250MHzforprotonwith200scans･WhenAIBNwasusedasinitiatorin

placeofVPS-0501withorwithoutTS-PDMS,preparedPMMAwasnotpar-

ticlesbutathickirregularfilmontheinteriorwallsandthesapphirewin一
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Figure3GelpermeationchromatogramsforPMMAparticlesproducedbythe

dispersionpolymerizationofMMAwithVPS-0501inscCO2before(a)andafter
(b)thecentrifuga)washingwithn-hexane,andforsolubJepolymersinn-hexane

(C)washedawayfromPMMAparticles

dows.TheseresultsindicatethatVPS-0501hadtwofunctionsofanimitiator

andacolloidalstabilizerinthedispersionpolymerizationinscCO 2.Hereaf-

ter,itwillbecalledas"inistab"(initiator+stabilizer).

Figure3showsgelpermeationchromatogram SwithTHFastheeluentfor

thePMMAparticlesbefore(a)andafter(b)thecentrifugalwashingwithn-

hexane,andtheirextracts(C).Eachmolecularweightwasmeasuredfrom

calibrationobtainedwithPSstandards･TheMwforthePMMAparticlesbe-

foreandafterthecentrifugalwashing,andtheextractswere,respectively,27

Ⅹ104,33xlO4and5.4Ⅹ104g/mol.BecausetheMwofVPS-0501was6.6Ⅹ

104g/mol(thismolecularweightwasdetemi nedfromgelpermeationchro-
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290 285 280 290 285 280 290 285 280

BindingEnergy(eV) BindingEnergy(eV) BindingEnergy(eV)

Figure4C.speakshapeanalysesofX-rayphotoelectronspectroscopy(XPS)

spectraforVPSl0501(a),PMMA(b)producedbysolutionpolymerizationwith

2,2'-azobis(isobutyronitri)e)(AlBN)intoluene,andthewashedPMMAparticles

(C)producedbythedispersionpolymerizationofMMAwithVPS-0501inscCO2

matogram ),theextractswhichweresolubleinn-hexaneshouldbefreePDMS,

andundecomposedandpartiallydecomposedVPS-0501･Bythewashing,

(s
d
U
)A)!Su
a
lu
f

110 105 100 95 90

BindingEnergy(eV)

Figure5XPSSi2pspectraforPMMAparticlesproducedbythedispersionpoly-

merizationofMMAinscCO2WithVPS-0501before(a)andafter(b)argonion

sputteringfor200Secatconstantaccelerationvoltageof1.5kVandationbeam

currentof20mA
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Tablo1 ThenumbeトaVeragediameterand
hydrodynamicdiameterofthewashedPMMA
particlesproducedbythedispersion
polymerizationofMMAwithVPS-0501inscCO2a)

Dnb)(nm) DhC)(nm)

210 400

a)30MPa;65.C;90-mLstainlesssteerreactor;200rpm;24h
b)Thenumber-averagediameterdeterminedwithSEM

c)ThehydrodynamicdiametermeasuredforthePMMAparticles
dispersedinn-hexaneat20oCbydynamiclightscattering

Abbreviations:PMMA,poly(methyLmethacrylate);
MMA,methylmethacryLate

theMJMnratiowasdecreasedfrom2.86tol.71,whichwasduetothere-

movaloftheextracts.

Figure4showstheresultsofCIsPeakshapeanalysesofXPSspectrafor

VPS-0501(a),purifiedPMMA(b)preparedbysolutionpolymerizationwith

AIBNintoluene,andtheabovewashedPMMAparticles(C).InFig･4a,a

strongpeakduetoPDMScomponentinVPSl050lwasobservedat284.3eV

inadditiontosomeweakpeaksduetotheothercomponents･InFig･4b,a

peakduetocaubonylgroupsofPMMAwasobservedat289･OeV･InFig･4C,

astrongpeakduetothePDMScomponentat284･3eVandsmallpeaksdue

toPMMAat289.0eVwereobserved.Theseindicatethatthesurfacesofthe

washedPMMAparticleswereoccupiedbyPDMScomponent.

Figure5ShowsXPSSi2,spectraOfthewashedPMMAparticlesbefore(a)

andafter(b)argonionsputtering.InFig･5a,astrongpeakduetothePDMS

componentwasobservedat103eV,andinFig･5b,thepeakwasweakened

aftertheargonionsputte血g･IthasbeenconfirmedthattheintensityofSi2,
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CH3 CH3 CH3 CH3

S/ ＼ S/

完＼＼_/〉■＼

0.27nm

O.164xcos350x2xmxn=91(nm) n=5
m=68

Scheme2

peakduetoPDMScomponentwasnotweakenedwhenpureVPSl0501was

sputteredunderthesameconditions.Theseres山tsindicate血atSiatomdis-

appearedafterargonionsputtering,whichmeansthatthesurfacesofthe

PMMAparticlesproducedinscCO2WereoccupiedbyPDMScomponent･

TableIshowsDnandhydrodynan icdiam eter(Dh)ofthewashedPMMA

particlesdispersedinn-hexane,whichwere,respectively,determinedwith

SEMandadynam iclight-scatteringspectroscope (OtsukaElectromicsDLS-

7000DH,Kyoto,Japan)atafixed90olight-scatteringangle･Dhinn-hexane

waslargerthan Dnindrystate,andthedifferencewas191mm.Thissuggests

thatPDMScomponentcovalentlybondedattheparticlesurfaceextended

intothen-hexanemedium .Becausethesolubilityparam etervaluesofboth

PDMSandn-hexanearethesam evalue,14.9(MPa)1/2[13],andn-hexaneis

agoodsolventofPDMSl13],PDMSchainsmustexpandintothen-hexane

medium･SincethePDMScomponentissolubleinscCO2aSWellasn-hex-

ane,itshouldeffectivelyoperateasacolloidalprotectivelayertodispersethe

PMMAparticlesstablyinscCO 2mediumofthedispersionpolymerization
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system･Thehydrodynamicthickness(95･5mm)ofthePDMSlayerend一

graftedtotheparticlesurfaceinn-hexaneaccordedwellwiththelength(91

mm)forfiverepeatedunits,n=5,ofVPS-0501･Thelengthforthefive

repeatedmi tswascalculatedasfollows,assum lngthatthemolecularweight

foronerepeatedu山t(n=1)ofVPS-0501is5000,theSi-0bondlengthis

O･164nm,andtheSi-0chainsform theplanarzlgZagconformationwith

bondangleofllOoasshowninScheme2･UsingthekdValueofVPS-0501

inscCO 2,itiscalcdatedthat30%ofaz0-groupsinVPS-0501israndomly

decomposedbytheendof血edispersionpolymerization･UsingtheJvalue

ofVPS-0501inscCO 2,itisestimatedthat64%ofthegeneratedinitiator

radicalsisrecombinatedordisproportionatedintheir"cages"[14]without

initiatlngthepolymerization･TheinitiatorradicalsdimlSingoutoftheir

FiverepeatedunitsofVPS-0501(∩≡5)
91nm

Figure6Aschematicdiagramforfiverepeatedunits(∩=5)ofVPS-0501tobe

end-graftedtothePMMApaniclesurface
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Table2 RecipesfortheproductionsofPMMAparticlesbydispersion
polymerizationsofMMAwithVPS-0501/AIBNinscCO28)

VPS-0501仇IBN(molarra廿o)
BneediW

1/0 1/1 1/5 1/10 1/20 1/30 1740

5

0
5
1

8
4
0

rl;
=

1

9
9
9

nHr川U
lHH■HU
■日.HU

d

1501

q

O
.a

MMA
淋
脚

18.0 18,0 18.0 18.0
1.5 0.75 0.42 0.29
0.25 0,27 0.28 0.29

竺

o･30
1
9

0
｣
2

8
0
0

Lldo
2
2

8
0
0

rl

a)30MPa;65.C;90-mLstainlesssteelreactor,200rpm;24h
b)2.0moVL(20W/V%)
C)TheconcentrationofaZ0-groupinthemixtureofVPS-0501andAIBN,20mmoJA_

Abbreviations:PMMA,poly(methylmethacrylate);MMA,methylmethacrylate;AIBN.
2,2'-azobis(isobutyronitriJe)

"cages"initiatethepolymerization,andtheyarecovalentlybondedasinitia-

torfragmentattheparticlesurface･Takingtheamountsoftheundecomposed

az0-groupsandtherecombinatedcompoundsintoaccount,thereshouldbe

muchpossibilitythatfiverep飽tedmi tsandmoreinVPS-050lmoleculeare

covalentlybondedattheparticlesurface.AssumlngthatallthePDMSchains

consistoffiverepeatedunits(n=5)forthesakeofconvemienceandare

covalentlybondedattheparticlesurfaces,occupiedmolecularareaofthe

PDMSchainattheparticlesurfacewascalculatedtobe7.4nm 2fromthe

resultsobtainedbytheNMRandDLSmeasurementsdescribedabove.The

densitiesofPMMAandPDMSusedinthecalculationofthesurfaceareaof

thePMMAparticles,respectively,are1･19andO･97[13].Thesquarerootof

theoccupiedmoleculararea(2･7nm)issmallerthanthemeansquareend-to-

enddistance(4.9nm)forthefiverepeatedmi tsofVPS-0501.Theseindi-

catethatthegraftingdensityattheparticlesurfaceissohighthatPDMS

chainsstretchoutfromtheirrandomwalkconfigurationsasshowninFig.6.
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Then-hexanedispersionofthewashedPMM particleswaskeptat65oC

for3days,andDhWasagalnmeasuredwithDLSaftercentrifugalwashing.

TheDhValueaftertheheattreatmentwas934nm,whichwasmuchlarger

thanthat(401mm)befわretheheattreatment.ThisindicatesthatthePMMA

particlescoagulatedduringtheheattreatment.Tbpreventthecoagulation

dmingtheh飽ttreatment,then-hexanedispersionsweretreatedat60oCsimil

larlyinthepresencesofR血eodoISp-010andPronon#201no山onicemdsi-

fiersofwhichhydrophilic-1ipophilicbalancevaluesare,respectively,4･3and

2･0･ThePMMAparticles,however,stillcoagulatedduringtheheattreat-

ments.Thecoag山ationsseemtobecausedbyadecreaseinthetbicbessof

colloidalprotectivelayer,whichisduetothedecompositionoftheaz0-groups

inthePDMSmolecules,takingitintothatthePMMAparticlesdispersedin

〟-hexanebefわretheheattreatment.

Figure7showsSEMphotographsofPMM particlesproducedwithVPS-

i勺石戸二

Figure7SEMphotographsofPMMApahiclesproducedbythedispersionpoly-

merizationsofMMAwithVPS-0501/AIBNinscCO2aftercentrifuga一washingwith

〟-hexane.Ratiosonthephoto9raPhsindicatethemola｢｢atiosofVPS-0501仏IBN.
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Table3Conversions.powdercontentsandsolidstatesdataforPMMAparticlesproducedbythe
dispersionpolymenzationofMMAwRhVPSl0501/AIBNinscCO28)

VPS-0501/AJBN(molarratio)

1JO 1/1 1J5 1/10 1r20 1伯0 1/40 1J80 0/1

Conversion (%)88 85 80 87 89 82
Powdercontents(wt%) 0 23.8 31.3 36.3 84.2 60.9

Solidstate briWeb)brittleb)brittleb)brittlebJbrittleb) brittlebJ
clammyC)clammyddned dded dned dded

83 45 58
58.9 44.0 0

hard hard hard
dried dried dried

a)30MPa;65oC;90-mLstainlesssteelreactor.200rpm;24h
b)EasilybrokentopovvderwRhmonorandpestle
c)DuetoPDMScomponentcontainedinPMMAobtained

Abbreviations:PMMA.poly(methylmethacrylate);MMA.methytmethacrylate;ATBN.2.2'-
azobis(isobutyronjtrile);PDMS,poly(dimethylsiloxane)

0501/AIBNmixturesundertheconditionslistedinTable2.Theam ountsof

az0-groupsinthemixturesofVPS-0501andAIBNwereconstant.Thepar-

ticlediameterincreasedfromsubmicronsizetomicronsizewithadecreasein

VPS-0501am ountinthemixture.Thisshouldbeduetoadecreaseinthe

amountofPDMScomponent,whichcan workasacolloidalstabilizer.At

theVPS-0501/AIBNmolarratioof1/80,PMMAparticlesseemedtobeco-

agulated.

Table3showsconversions,powdercontentsandsolidstatesdatafor

PMMAparticlesproducedbythedispersionpolymeri2ationswithVPS-0501/

AIBNmixturesundertheconditionslistedinTable2.AttheVPS-0501/

AIBNmolarratiosof1/0to1/40,theconversionswererelativelyhighupto

80%,however,attheratiosof1/80and0/I,theconversionswerelower.

Theseresultsindicatedthattheconversionsinthedispersionpolymerization

systems,inwhichPMMAparticlescouldbestablyproduced,werehigher

thanthatobtainedinthesystem,inwhichPMMAparticleswerecoagdated

orPMMAfilmswereobtained.
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Table4 Number-averagediameter(Dn).coefRcjentofvariation(Cv).weight-averagemoJecuJar
weight(Mw).molecularweightdistribution(MJMn)andPDMScontentdataforPMMApa佃Cres

producedbythedispersionpolymerizationsofMMAwithVPS-0501/AlBNinscCO28)aRer
centrifugalwashingwitha-hexane

VPSJ501/AIBN(mo一arratio)

1/10 1/20 1/30 α80/19rl

Dn (LJm)

Cy (%)

Mw (x104)

MJMn

PDMScontentb)(wt%)

〓

別

e

l

〓
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･
1

1
･
5｡

柑

16
舗

4

乃

鵡
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9

1

0

臥

.
0

.
7

71
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1
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2
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3
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1

09

4

31

1

1

2

1

6

2

3

2

5

5

0

4

3

(U
5

5

1

つも

3

2

1

6

4

6

6

7

9

0

1

9

1

7

2

2

12

5

8

7

8

0

5

2

1

3

1

3

1

a)30MPa;65oC;90-mLstainlesssteelreactor.200rpm:24h
b)PDMScontentinPMMApaniclesproduced

Abbreviations:PMMA,poly(methylmethacrylate);MMA,methylmethacrylate;AIBN.2,2'-

azobisisobutyronMe;PDMS.poly(dimethylsiloxane)

Table4showsDn,Cv,Mw,MJMnratioandPDMScontentdataforthe

PMMAparticlesproducedbythedispersionpolymerizationswiththemix-

tureofVPSl0501andAIBNundertheconditionslistedinTable2.TheDn

increasedfromsubmicronmetertomicrometerandthePDMScontentinthe

particlesproduceddecre鮎edwithand∝reaseintheratioofVPS-0501/AIBN･

AttheVPS-0501/AIBNmolarratioof1/30,relativelymonodispersePMMA

particleswithCvof13%wereproduced･

4.4Conclusions

Submicron-tomicron-sized,comparativelymonodispersePMMAparticles

weresuccessfullyproducedbythedispersionpolymedzationofMMwith

PDMS-basedazoinitiatorinscCO2at30MPafor24hat65oC.Theimitiator

operatednotonlyasaradicalimitiatorbutalsoasacolloidalstabilizer,and

wasnam edan "inistabH.
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ProductionofPMALAparticlesinthepresenceofAPIPDMSinscCO2

Chapter5

Prd uctionofpoly(methylmethacrylate)

particlesbydispersionpolym eri2ation

inthepresenceofam血opropylterminated

poly(dimethylsiloxane)stabiliZ:er

instIPert:ritiCalcarbondioxide

5.1Introduction

Therehasbeenanincreaslnginterestinconductingdispersionpolymeriza-

tionsinsupercriticalcarbondioxide(scCO2),andgreateffortsweremadeto

developcolloidalstabilizerswhichareeffectiveinscCO2[1-11].Poly(methyl

methacrylate)(PMMA)particleswereproducedbythedispersionpolymer-

izationinscCO2inthepresenceoftrimethylsiloxytemi natedpoly(dimethyl-

siloxane)(PDMS),mercaptopropylteminatedPDMS,andPDMS-based

azoimitiatorinChapters2,3and4･Inthesepolymerizationsystems,PDMS

componentswerecovalentlybondedatthesurfaceofPMMAparticlesand

shouldeffectivelyoperateascolloidalprotectivelayerstodispersethePMMA

particlesstablyinthescCO2me血umof也edispersionpolymerizationsys-

tem.

Recently,ChristianandcoworkersproducedPMMAparticlesbydisper-

sionpolymerizationinscCO2uSlngCarboxylictemi natedperfluoropolyether

l12].Theyshowedthattheperfluoropolyether,whichwasattachedtothe

PMMAparticlesbyhydrogenbondinginteractionbetweenthetemi nalacid

groupoftheperfluoropolyetherandthecarbonylgroupofPMMAparticle

surface,workedasaneffectivecolloidalstabilizerinscCO2.0nthebasisof
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theseresults,itisexpectedthataminopropyltemi natedPDMS(AP-PDMS),

whosechemicalfomulaisglVeninScheme1,mayworkasaneffective

colloidalstabilizerinscCO2,WhichshouldbeattachedtoPMMAparticlesby

hydrogenbondinginteractionbetweentheaminogroupandthecarbonylgroup

ofPMMAparticlesurface.AP-PDMSiscom erciallyavailableandismuch

lessexpensive(ca･60euro/kgl13])incomparisonwithgeneralcolloidal

stabilizersusedinscCO2(e.g.,Ca.330euro/450gforthecarboxylictermi-

natedperfluoropolyetherl14];ca.120euro/50gforthePDMSmacromonomer

l15])ITAkingtheindustrializationintoconsideration,itwillbeadvantageous

touseAP-PDMSasacolloidalstabilizerinscCO2.

Inthischapter,PMMAparticleswillbeproducedbydispersionpolymer-

izationofMMAinscCO2WithAP-PDMSasacolloidalStabilizer.

5.2Experimental

5.2.lMaterials

MM waspurifiedbydistillationunderreducedpressureinanitrogenatmo-

sphere.Reagentgrade2,2'-azobis(isobutyronitrile)(AIBN)waspurifiedby

recrystallization.AP-PDMS(SilaplaneFM-3321),suppliedbyChissoCo.,

wasusedasreceived.nenum ber-averagemolecularweightisabout5000

g/mol.IndustrialgradeCO2,Withapurityof99.5%ormore,wasused.

Guaranteedreagentn-hexanewasusedasreceivedfromNacalaiTesqueCo.

Trimethylsiloxytemi natedPDMSwithaweight-averagemolecularweight

(Mw)ofabout5200g/molwasusedasreceivedfromSigma-AldrichCo･

5.2.2Dispersionpolym erizationinscCO 2
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Polymerizationswerecarriedoutina25-mLstai山esssteelreactorasde-

scribedinChapterl･ThereactorwaschargedwithMMA(5.0g),AIBN

(0･025蛋),AP-PDMS(0･25,0･5orl･Og)andamagneticstirbar,andpurged

wi也N2,and血enpressurizedwithCO2tO10MPaat25℃ uslngahigh-

pressurepum p(NihonSeimitsuKagaku.Co,,NPID-321J)withshakingvigl

orously.Thepolymerizationwasstartedbyheatingthemixtureto65oC,at

whichtemperaturethepressureinthereactorreachedabout30MPa,with

stirringat420rpm.After24h,thereactorwascooledinanicewaterbath

andtheCO2WasVentedslowly･ThepolymerizationsofMMA(5･Og)with

eitherAIBN(0･025g)orthemixtureofAIBN(0･025g)andthetrimethylsiloxy

terminatedPDMS(0･5g)wereconductedinasimilarway･Theparticles

producedwereobservedwithaHitachiS-2460Nscannlngelectronmicro-

scope(SEM).

5.2.3CharacteriヱationsofthePMMApar ticles

SpecificsurfaceareaofPMMAparticleswasdeterminedbyBETmeasure-

me山withGemi山一Micromeritics2360(ShimadzuCo.).Fouriertransfわrm

(Fr)IRmeasurementofAP-PDMSbeforeandafterthescCO 2treatmentat

about30MPafor1hat65oCwascamiedoutwithaFT-IRspectrometer

(Perkin-ElmerSpectrumGXFT-IRspectrometer)atroomtemperature.The

sampleswereplacedbetweentwosodium chlorideplates･Thepolymercom-

positionoftheparticlesurfacewasestimatedbyX-rayphotoelectronspec-

troscopy(XPS)withaShimadzuESCA-3400electronspectrometerusing

magnesiumKαradiation(1150eV)atapotentialof8kVandanX-ray

currentof30mA.Argonionsputteringwasconductedat5.0xlOl4Pafor

100seeataconstantaccelerationvoltageofl･5kVandatanionbeam cur-
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rentof20mA.

5.3Resultsanddiscussion

Figure1showsphotographsofstatesofAP-PDMS(1･8g)inscCO 2inthe

absence(a)andpresence(b)ofMMA,whichwereobservedvisuallythrough

sapphirewindowsofa90-mLstainlesssteelreactorwithawhitelightatthe

oppositeside.IntheabsenceofMMA,thesystemwasturbid,whichindi-

catesthattheAP-PDMSwasinsolubleinpurescCO2undertheconditionsof

30MPaand65oC.Thisresultaccordswellwiththatobtainedunderthe

conditionsof30MPaand60oC[16]･Ontheotherhand,inthepresenceof

MMA,thesystemwastransparentandtherotarylmpellerwasclearlyob-

served.ThisindicatesthatMMAactsasacosolventfortheAP-PDMS.

ThedispersionpolymerizationsofMMAwerecarriedoutwithAIBNin

Figure1Opticalphotographsofstatesofthemixtureofaminop｢opylterminated

poly(dimethyJsiloxane)(AP-PDMS)andsupercriticaIcarbondioxide(scCO2)in

theabsence(a)andpresence(b)ofmethylmethacrylate(MMA)obseⅣedthrough

sapphirewindowsofthe90-mLstairHesssteelreactorwithawhitelightatthe

oppositeside
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theabsenceandpresenceoftheAP-PDMSinscCO 2atabout30MPafor24

hat65oCinthe251mLstainlesssteelreactors.TheAIBNconcentrationwas

determinedonthebasisoftheideadescribedasfollows.Imitiationrateof

radicalpolymerization,Ri,isgivenbyRi=fpi,Wherefistheimitiatoreffi-

ciencyandpiisthegenerationrateofradicalS･piisexpressedas2kdlI],

wherekdistheratecoefficientforimitiatordecomposition,andlI]istheimi-

tiatorconcentration･Ingeneral,dispersionpolymerizationswerecamiedout

inRirangeOf101311014mLIs-1[17-19].Guanandcoworkersl20]reported

thatkdandfvaluesofAIBNinscCO2Were,respectively,about2.5times

lowerandaboutI.5timeshigherthanthoseobservedinbenzeneatthesame

temperatureandatatmosphericpressurebecauseoflowdielectricconstant

andlowviscosityofscCO2.Inthisexperiment,theAIBNconcentrationgiv-

ingRiOf5.Ix1013mL-ls-1waschosen.Thekdandfvaluesusedinthecalcu-

lationwere7･7Ⅹ10-6S-1andO･9,respectively･Thesevaluescalculatedfor

purescCO2maybesomewhatdifferentfromthoseforthemixtureofscC02

andMMA･Actually,therearereportsthattheratesofAIBNdecomposition

inamixtureofCO2andcosolventsuchastetrahydrofuran(THF)[21]and

methanol[22]werehigheHhanthatinpureCO2.1ntheabsenceofAP-

PDMS,PMMAwasobtainedasathickirregularfilmontheinteriorwallof

thereactor.Whereas,inthepresenceofAP-PDMS,whoseconcentrations

werelOand20wt%basedonMMA,theproductswerefree-flowlngWhite

powdersandtheconversionsofMMAweregravimetriCallydetemi nedtobe

96and98%,respectively.AtAP-PDMSconcentrationof5wt%,PMMA

wasobtainedasafree-flowlngWhitepowderandbreakablewhiteblocks･

WhenthedispersionpolymerizationofMMAwasconductedwithAIBNin

thepresenceoftrimethylsiloxyterminatedPDMSasacolloidalstabilizerin
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placeoftheAP-PDMS,nopowderwasobtainedbutathicki汀egularfilm.

Theseres山tsindicatethataminopropylgroupplayedanimportantrolein

anchoringofPDMScomponentatthesurfaceofthePMMAparticlesduring

thedispersionpolymerizationofMMA.

Figure2showsSEMphotographsofPMMAparticlesproducedatdiffer-

entAP-PDMSconcentrations(wt%basedonMMA)of5(Figs.2aand2d),

10(Figs.2band2e)and20(Figs･2Cand2f),before(Figs･2a,2band2C)and

after(Figs･2d,2eand2f)fivetimescentrifugalwashingwithn-hexanewhich

isanonsolventforPMMAandagoodsolventforPDMS.Theboundary

amongtheparticleswasnotclearbeforethewashing,whereasitbecame

Figure2Scanningelectronmicroscope(SEM)photographsofpoly(methylmeth-

acryLate)(PMMA)particlesproducedbythedispersionpoLymerizationofMMAin

scCO2With2,2'-azobis(isobutyronitrile)(AIBN)atd肝erentAPIPDMSconcentra-

tions(wt%basedonMMA):(a,d)5;(b.e)10;(C,f)20,before(a.b.C)anda冊er(d,

e,f)centrifugalwashingwithn-hexane
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clearafterthewashing.At5wt%,coagulatedPMMAparticleswereob-

served,whichshouldbeduetotheshortageofAP-PDMSstabilizer.At10

wt%,micron-sizedPMMAparticleswereobserved,andthenum ber-average

diam eter(Dn),thecoefficientofvariation(Cy)andparticlesizedistribution

(DJDn)forthewashedPMMAparticlesdeterminedfromtheSEMphoto-

graphwithimageanalysissoftware(MacScope,Mitmi Co･)were2･89ym,

30%and1.18,respectively.At20wt%,submicron-sizedPMMAparticles

wereobserved,andDn,CyandDJDnwere420nm,42%andl.56,respec-

tively･Theparticlediam eterdecreasedwithan increaseintheAP-PDMS

concentration.Dw/Dnobtainedinthisstudywerealittlelargerthanthose

obtainedusingotherkindsofstabilizers(I.01-1.52)[2,3,5,23].Evenafter

thewashing,thePMMAparticleswerestablydispersedinn-hexane･This

suggeststhatPDMScomponentintheAP-PDMSbondedbyhydrogenbond-

lnginteractionbetweentheaminogroupandthecarbonylgroupatthepar-
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Figure3FouriertransformlRspectraofAPIPDMS(a)andtrimethylsiroxytermi-

natedpoly(dimethyJsiloxane)(b)beforeanda冊erthescCO2treatmentatCa.30
MPaforlhat65oC
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ticlesurfaceextendedintothen-hexanemedium andworkedasacolloidal

Stabilizer.

Itisknownthatprimary,aliphaticaminesreactwithColtOform car-

bamicacids[16].EIsbemdindicatedthatAP-PDMSalsoreactedtofom

carbamicacid-terminatedPDMS(CA-PDMS),whichhascarboxylgroups

l24]･Asdescribedintheintroductionofthischapter,itwasreportedthat

hydrogenbondinginteractionbetweenthecarboxylicendgroupof

perfluoropolyetherandthecarbonylgroupofPMMAoperatedinscCO2[12].

Figure3showsFT-IRspectraoftheAP-PDMS(a)andtrimethylsiloxy

temi natedPDMS(b)beforeandafterthescCO2treatmentatabout30MPa

for1hat65oC.InthespectrainFig.3a,beforethescCO2treatmentthe

absorptionpeakduetoprlmaryamineN-Hbendingvibrationwasobserved

at1600cm-I[24],andafterthetreatment,thebroadabsorptionfrom3500to

2300cm-Idueto0-Hstretchingvibrationofcarbam icacidl24]andtheab-

sorptionpeakwhichshouldbeduetoC=Ostretchingvibrationofcarbamic

acidat1585cm-1wereobserved･ThespectraoftheAPIPDMSbeforeand
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Figure4X-rayphotoelectronspectroscopySi2pspectraforPMMAparticlespro-
ducedbythedispersionpolymerizationofMMAinscCO2WithAJBNatAPIPDMS

concentrationof10wt%before(a)andafter(b)argonionsputteringat5.0xlO'4

Pafor100secatconstantaccelerationvoltageof1.5kVandataniorlbeanl
currentof20mA

afterthescCO2treatmentindicatethattheAP-PDMSreactedwithColtO

form CAIPDMSasshowninSchemel･InFig.3b,forthetrimethylsiloxy

temi natedPDMS,nodifferenceinFT-IRspectrabeforeandafterthescCO2

treatmentwasobserved･Inthedispersionpolymerizationsystem,theremay

bealsoapossibilitythattheCA-PDMSwasfbrmedandwasattachedto

PMMAparticlesbyhydrogenbondinginteractionbetweenthecarbamicacid

groupandthecarbonylgroup,lnadditiontotheinteractionbetweenthe

aminopropylgroupandthec訂bonylgroup.Moreover,theremaybealsothe

possibilitythatPMMA-b-PDMS,whichmaybegeneratedbychaintransfer

reactiontotemi nalaminopropylgroupinAP-PDMS,workedasacolloidal

Stabilizer.
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BecausethesolubilityparametervaluesofbothPDMSandn-hexaneare

thesan e(14.9(MPa)l/2)[25],andn-hexaneisagoodsolventforPDMSl25],

PDMSchainsmustextendinton-hexanemedium .SincethePDMScompo-

nentissolubleinscCO 2aSWellasn-hexane,itshouldeffectivelyoperateas

acolloidalprotectivelayertodispersethePMMAparticlescolloidallystable

inscCO2mediumof也edispersionpolymeriza血n･

Infollowlng,thePMMAparticlesproducedatAP-PDMSconcentration

of10wt%wascharacterized.TheweightpercentagesofthePDMScompo-

nentinthePMMAparticlesbeforeandafterthewashingweredetemi nedto

be8.0%and1.4%,respectively,fromlHNMRspectrameasuredwithaBruker

DPX250NMRspectrometeroperatingat250MHzwith200scanS･Thespe-

cificsurfaceareaofthewashedPMMAparticles(I.73m2/g)waslargerthan

that(0.86m2/g)beforethewashing,whichweremeasuredbyBETmethod.

TheseresultsindicatetheremovalofthefreeAP-PDMS.Thenumber-aver-

agediam eterforthewashedPMMAparticleswascalculatedtobe2･9lym

fromtheresultobtainedbytheBETmethod.ThedensitiesofPMMAused

forthecalculationis1.19[25].Thediam etercalculatedfromthespecific

su血ceareawasingoodagreementwiththatmeasuredintheSEMphoto一

graphwithimageanalysissoftware.ThisindicatesthatthePMMAparticles

haveasmoothsurface.TheMwandMW/MnratioforthewashedPMMA

particleswere,respectively,5･6x105g/moland2･4,whichweredetermined

fromgelpermeationchromatogran withTHFastheeluent･

Figure4showsXPSSi2,spectraOfthewashedPMMAparticlesbefore(a)

andafter(b)argonionsputtering･InFig･4a,astrongpeakduetothePDMS

componentwasobservedat103eV,andinFig.4b,thepeakdisappearedafter

theargonionsputtering･IthasbeenconfirmedthattheintensityofSi2pPeak
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duetoPDMScomponentwasnotweakenedwhenpurePDMS-based

azoimitiator(VPS-0501,WakoPureChemiCalIndustries,Ltd.)wassputtered

underthesam econditions･TheseresultsindicatethatSiatomdisappeared

afterargonionsputtering,whichmeansthatthesurfacesofthePMMApar-

ticlesproducedinscC02WereOCCupiedbyPDMScomponent.

5.4Conclusions

Micron-sizedPMMAparticlesweresuccessfdlyproducedbythedispersion

polymerizationofMMAwithAIBNinthepresenceofAP-PDMSasacolloi-

dalstabilizerinscCO2atabout30MPafor24hat65oC.
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Chapter6

PmductioTLOfpolydivinylbiphenylparticles

byprecipitationpolym eriZation

instLPerCritiCalCarbondioxide

6.IIntroduction

Precipitationpolymerizationisoneofthemethodstopreparestabilizer-free

particleswithcleansurfacel1-6]･Thsmethodrequiresonlymonomer,radi-

Calimitiatorandsolvent･Stbverandcoworkersproducedhighlycrosslinked,

monodispersepolydivinylbenzene(PDVB)particlesbyprecipitationpoly-

merizationofdivinylbenzene(DVB)inacetomitrilell-3].Recently,Cooper

andcoworkersreportedthatPDVBparticleswerealsoproducedbyprecIP1-

tationpolymerizationofDVBinsupercritiCalcarbondioxide(scCO2)with

2,2'-azobis(isobutyromitrile)(AIBN)[4,5].Therehavebanstrongdemands

forcrosslinkedpolymerparticleswithsuperiorheatresistance,solventresis-

tanceandcleansurface.Suchpolymerparticlescanbeusedascamiersfor

chromatography,immobilizersofbiomoleculesandvariousspacers,because

theyareeasytoseparatefrommediaandsimpletomaintain･

Inthischapter,Stabilizer-freepolydivinylbiphenyl(PDVBP)particleswith

cleansurface,havingsuperiorheatresistanceandhigh refractiveindexin

comparisonwithPDVBl7],Willbeproducedbyprecipitationpolymeriza-

tionofdivinylbiphenyl(DVBP)inscCO2WithAIBN･Theeffectsofinitia-

tionrateofpolymerizationontheconversion,thefluidityofpowder,thede-

greeofcoagulation,theamountsoflow-molecular-weightby-products,and

theamountsofvinylgroupsintheparticleswillbeexamined･
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6.2Experimental

6.2.IMaterials

DVBP,whoseform ulaisglVeninSchemeI,wassuppliedbyNipponSteel

ChemicalCo.,andthepuritywas51.7%[7].DVBPwaswashedwith1N

NaOHaqueoussolutionanddeionizedwatertoremovepolymerizationin-

hibitorsbeforeuse･ReagentgradeAIBNwaspurifiedbyrecrystallization.

IndustrialgradeCO2,Withapurityof99･5%ormore,wasusedasreceived.

CH2=CH

㌻ ＼ ヽ ＼

CH=CH2

Scheme1 AchemicalformulaofDVBP

Table1 RecipesfortheproductionofPDVBPparticlesbyprecipitation
polymerizationsofDVBPinscCO2a)

AIBNconcentration(mmoI/L)
Ingredients

0.5C) 1.Oc) 2.Od) 4.941 9.7dl19.4e)38.7e) 58.18)

DVBPb) (g) 2 2 2 2 2 2 2 2

AIBN (mg) 0.8 1.6 3.2 8.0 15.9 31.8 63.5 95.4

a)ca.30MPa:65'C-,101mLstajnlesssteelreactor:60cycIes/min;24h

b)Purity53%(bycatalog);1.0mob/L(20wN%)

C)f3(=2kdfll]),1012-1013mLIs'1;kd.7.7xlOJSs-1;f.0.9

坤Fa(=2kdfll]),1013-1014mL-1srl;kd,7.7xlOJs-1;f.0.9

e)用(=2kdflI]),1014-1015mL-1srl;kd,7.7xlOJsll;f.0.9

Abbrevjations:PDVBP,polydivinylbiphenyl;DVBP,divinylbiphenyJ;
AIBN,2,2'-azobis(isobutyronitrile)

6.2.2PrecipitationpolymerizationinscCO2

Polymerizationwascarriedoutina10-mLstainlesssteelreactorasdescribed
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inChapteriundertheconditionslistedinTablel･Thereactorwascharged

withDVBP,AIBNandthree3/16-inch-sizedstainlesssteelballstomixinthe

reactor,andpurgedwithN2,andthenpressurizedwithCO2tO10MPaat

250Cusinghighpressurepump(NihonSeimitsuKagakuC0.,NP-D-321J)

withshakingvlgOrOuSly･Thepolymerizationwasstartedbyheatlngthe

mixturesto65oC,atwhichthepressureinthereactorreachedabout30MPa,

withshakingat60cycles/min°After24h,thereactorwascooledinanice

waterbathandtheCO2WasVentedslowly･Theproducedparticleswere

observedwithaHitachiS-2500scan山ngelectronmicroscope(SEM).The

particlesizedistributionswereexaminedwithadisccentrifuge

photosedimentometerparticlesizer(UmionGikenCoリIn-101)･

6･2･3Angleofrepose

Then山dityofPDVBPpowderwasestimatedbymeasunngangleofrepose

asshowninFig･1･ObtainedPDVBPpowderwasgentlychargedintoaglass

li l - .-~- ''''''.'''.-GLassfunnel

･･- - Polymerpowder

････････････.Circularopening;3mm

10mm

Figure1Aschematicdiagramforthemeasuremantofangleofrepose
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funnel,whichhadcircularopenlngOfabout3mm,Withitsopenlngblocked

byafinger･Byremovlngthefinger,thepowderwasallowedtoflowdirectly

ontoaflatstainlesssteeldisk(10mmdiameter)toform apowderheap.The

circularopeningWasSet30mm higherjustabovetheflatstainlesssteeldisk.

Stillphotographwasthentakenforthedeterminationoftheangleofrepose

whichwasdefinedastheangleofthefreesurfacetothehorizontalplane.

6.2.4BETmeasurement

SpecificsurfaceareaofPDVBPparticleswasdeteminedfromtheamountof

mitrogengasadsorbedatthetemperatureofliquidmitrogen,whichwasmea-

suredwithGemi山一Micromeritics2360(SbimadzuCo.).ThePDVBPpar

ticlesweredriedundervacuum ovemightandmitrogenatmosphereat200oC

for4hjustpriortoBETmeasurement･

6.2.5Massspectroscopy

ThemassspectrawereobtainedwithaHitachiM-1200Hquadrupolemass

spectrometer.AtmosphericpresstwechemiCaliomization(APCI)intheposi-

tiveionmodewasusedtoobtainthemassspectrainthemassrangeof70-

2000(m/Z)andamethanolwasusedasasolvent.Theoperationtempera-

turesofthenebulizer弧ddesolvatorwere180oCand400oC,respectively.

ThePDVBPpowders(0.5g)werecentrifugallywashedwithmethanol(25

g),andsupernatantsolutionscontaiminglow-molecular-weightby-products

wereusedassam plesformassspectroscopy･

6.2.6Dry)minetitration

TheamountofvinylgroupsinPDVBPparticleswasmeasuredbybromine
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titrationmethodusinganAquacounterAQ-1(HirantmaSangyoCo.).The

residualmonomerswithintheparticleswereremovedbycentrifugalwashing

withmethanolpriortothemeasurement.Afterbromines(Amoles)were

generatedbyelectrolysisin70mLofpotassium bromideaqueoussolutionin

aglassreactor,PDVBPparticles(havingXmolesofvinylgroups)dispersed

inmethanolwaslnJeCtedwithasynngeintothereactor･Thevinylgroups

wereallowedtoreactwiththebromineforafixedreactiontime.Wh enthe

reactiontimewasup,sodium thiosulfate(Bmoles)aqueoussolution,which

quicklyreactscompletelywiththeresidualbromines,wasinjectedintothe

reactor.Afterwards,theunreactedsodium thiosulfatewastitratedwithbro-

mineregeneratedbyelectrolysis(Cmoles).Theamountofvinylgroups(X

moles)intheparticleswascalculatedfromthefollowingequation.

X=A+C-B

6.3Resultsanddiscussion

PrecipitationpolymerizationsofDVBPwerecamiedoutwithAIBNimitiator

inscCO2atabout30MPafor24hat65oCinthe10-mLstainlesssteelreactor

undertheconditionslistedinTable1.Wh ere,theAIBNconcentrationswere

detemi nedonthebasisoftheideadescribedbelow.Initiationrateofradical

polymerization,RiisgivenbyRi=fpi,Wherefistheinitiatorefficiencyand

piisthegenerationrateofradicalS･Thepiisexpressedas2kdlI],wherekd

istheratecoefficientforimitiatordecomposition,andm istheimitiatorcon-

centration.Ingeneral,homogeneousradicalpolymerizationswerecarried

outinRirangeOf1013-1014mL Is-1[8-10]･DeSimoneandcoworkersreported

thatkdandfvaluesofAIBNinscCO2Were,respectively,about2･5times
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lowerandaboutl･5timeshigherthanthoseinbenzeneatthesam etempera-

tureandatatmosphericpressurebecauseoflowdielectricconstantandlow

viscosityofscCO2llI,12].Ontheotherhand,precipitationpolymerizations

inscCO2WereOftencamiedoutinrelativelyhighRirangeOf1014-1015mL-ls-

1[4-6],whichwascalculatedinconsiderationofkdandfvaluesofAIBNin

scCO2･Inthisarticle,inordertoclarifytheeffectsofRiOntheprecipitation

polymerizationofDVBPinscCO2,theAIBNconcentrationwaschangedin

wideRirangeOfloll-1015mLls-I.Thekdandfvaluesusedinthecalculation

were7.7Ⅹ10-6S~land0.9,respectively.Thesevaluescalculatedforpure

scCO2maybesomewhatdifferentfromthatforthemixtureofscCO2and

DVBPinthepolymerizationsystem･Actually,therearereportsthattherates

ofAIBNdecompositioninthemixtureofCO2andcosolventsuchastetrahy-

drofuran [11,12]andmethanoll13].

Figure2showstherelationshipbetweentheAIBNconcentrationandthe

conversionofDVBPintheprecipitationpolymerizationsinscCO2atdiffer-

entpolymerizationtimesof3,8and24h.Theconversionwasdetemi nedby

gravimetriCalmethoddescribedbelow･ThepmityofDVBPwas51･7%and

othercomponentsinmonomermixturewereethylvinylbiphenyl(23.6%),

methylvinylbiphenyl(6･2%),vinylbiphenyl(5･8%),diethylbiphenyl(4･7%),

andsolvents(8･0%)(NipponSteelChemiCalCo･,personalcommmi cation)･

Thetotalweightpercentageofreactivecomponentsinthemonomermixture

was87.3%.Afterthepolymerizations,theproductswerecentrifugallywashed

withmethanolfortheremovaloftheresidualmonomersandsolvents.The

conversionofDVBPwasdefinedasweightpercentageoftheproductsafter

centrifugalwashingtototalreactivecomponentsinmonomermixture･The

conversionsincreasedwithan increaseintheAIBNconcentrationat3and8

-94-



ProductionofPDVBPparticlesbyprecipitationpolymerizatioTH'nscCO2

0

0

6

4

(

%
)

u

o!sJa
^

u

ou

1 10 100

AIBN(mmol/L)

Figure2 Relationshipbetweenthe2,2'-azobis(isobutyronitrile)(AlBN)concen-

trationandtheconversionofdivinylbiphenyL(DVBP)intheprecipitationpolymer-

izationsinsupercriticalcarbondioxide(scCO2)atthed肝erentpolymerizationtimes

(h):3(squares),8(triangles)and24(circ一es)

Figure3Scanningelectronmicroscope(SEM)photographsofpoLydivinylbiphenyl

(PDVBP)paniclesproducedbytheprecipitationpoLymerizationsofDVBPinscCO2

for24hatd析erentAIBNconcentrations(mmol/L)
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Figure4RelationshipbetweentheAIBNconcentrationandtheangleofrepose

ofPDVBPpaniclesproducedbytheprecipitationpolymerizationsofDVBPinscCO2

for24h

h･Theconversionsat24hwererelativelyhigh(81%-96%)inallpolymer

izationsystems,evenatthelowAIBNconcentrationsofO･5and1.0mmol凡,

andfree-flowlngWhitePDVBPpowderwasobtained.Thisisaremarkable

pointinthispolymerizationsystemascomparedwiththecaseofDVB･The

conversionofDVBintheprecipitationpolymerizationinscCO2atAIBN

concentrationof24.4mmol/Lundersimilarconditions(at31MPafor24hat

65oC)was71%andthatof97.4mmol九managedtoreach89%.Cooperand

coworkersshowedthatratherhighAIBNconcentrationsseemednecessary

toachievegoodmonomerconversions･ThehigherconversionofDVBP,

evenatthelowAIBNconcentrationsincomparisonwithDVB,mightbe

accountedforbythefactthattherateofcrosslinkingreactionofthesecond

vinylgroupsofPDVBPisfasterthanthatofPDVBl7].

Figure3showsSEMphotographsofPDVBPparticlesproducedbythe
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Figure5RelationshipbetweentheAIBNconcentrationandthespecificsurface

areaofPDVBPparticlesproducedbytheprecipitationpolymerizationsofDVBP

inscCO2for24h

precipitationpolymerizationsofDVBPinscCO2atthedifferentAIBNcon-

centrations･InallAIBNconcentrationsystems,theproducedPDVBPpar-

ticlespartiallycoagulated,andtherewaslittledifferenceintheparticlesize

inallthesystems.Asfarastheauthorisaware,therehasbeennostudyon

therelationshipbetweentheinitiatorconcentrationandthedegreeofcoagu-

lation,thoughthedegreeofcoagulationwillplayan importantrolewhenthe

applicationsoftheparticlesproducedaretakenintoconsideration･Thede-

greeofcoagulationcouldnotbeestimateddirectlyfromSEMphotographs,

becauseitwasdifficulttoseparateexactlyindividualPDVBPparticlesfrom

theaggregate･ToexaminetheeffectoftheAIBNconcentrationonthede-

greeofcoagulation,forconvemience,anangleofreposewasmeasured,asit

showsageneralindextofhidityofpowder[14-16]･Itisknownthat也e

angleofreposeincreaseswithadecreaseinthefluidityofpowder,which
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Figure6Particle-sizedistributionsofPDVBPpaniclesproducedatdifferentAIBN

concentrations(mmol/L):(a)0.5,(b)58.1,measuredwithdisccentrifuge

photosedimentometerpaniclesizer

seemstobecausedbytheincreaseofthedegreeofcoagulation.

Figure4showstherelationshipbetweentheAIBNconcentrationandthe

angleofreposeofthePDVBPpowders･T九eangleofreposedecreased(the

fluidityofPDVBPpowderincreased)withadecreaseintheAIBNconcen-

tration.Thisresultindicatesthatthedegreeofcoagulationdecreasedwith

thedecreaseintheAIBNconcentration.

Figure5showstherelationshipbetweentheAIBNconcentrationandthe

specificsurfaceareaofthePDVBPparticles･Thespecificsurfaceareain-

creasedwiththedecreaseintheAIBNconcentration･Consideringthat也e

particlesizesobservedintheSEMphotographswerenotsodifferentinall

thesystems,thisresultindicatesthatthedegreeofcoagulationdecreased

withthedecreaseintheAIBNconcentration.Thistendencyagreedwiththat

oftheangleofrepose･

Figure6showstheparticlesizedistributionsofPDVBPparticlesproduced

atAIBNconcentrations(mmoln.)of0.5and58.1,measuredwithdisccentri-
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Figure7SEMphotographsofPDVBPparticlesproducedbytheprecipitation

polymerizationofDVBPinscCO2for24hbefore(a)anda洗er(b)centrhgaJwashing

withmethanol:AIBNconcentration.58.1mmof/L

fugephotosedimentometerparticlesizer･InthelowAIBNconcentrationsys-

tem,theparticlesizedistributionwasrelativelysharpandtheparticlesize

wasmostlylessthan2才- ,Whichshowsrelativelygoodagreementwiththe

resdtsoftheSEMobseⅣation･Ontheotherhand,inthehighAIBN∞ncen-

trationsystem,theparticlessizeandtheparticlesizedistributionwerelarger

andbroader(1-8ymandover)incomparisonwiththeresultsoftheSEM

observation･Intheseways,thehighAIBNconcentration,whichseemedto

begenerallyusedinthereportedexperimentsl4-6],causedhigh degreeof

particlecoagulationintheprecipitationpolymerizationofDVBP･

Figure7showsSEMphotographsofthePDVBPparticlesproducedatthe

highAIBNconcentration(58･1mmouL)before(a)andafter(b)centrifugal

washingwithmethanol･Afterwashing,theboundaryamongtheparticles

becameclearer,whichseemstobeduetotheremovalofstickylow-molecu-

lar-weightby-prductonPDVBPparticles,andadecreaseinweightofPDVBP

particles(0.6wt%)wasobserved･Suchstickylow一molecdar-weightby一
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Figure8TotaJionchargechromatogramoflow-molecular-weightby-products

generatedintheprocessoftheprecipitationpolymerizationsofDVBPinscCO2

for24hatdifFerentAIBNconcentrations(mmol/L):(a)0.5,(b)58,1.Thearrows

showsampleinjectiontimes.

productsmaybePDVBPoligomersandthermaldecompositionproductsof

AIBNsuchastetram ethylsuccinodimitrileandisobutyromitrilethataregener-

ated,respectively,fromtherecombinationandthedisproportionationofpri-

maryradicalS.Methacrylonitrile,whichisalsogeneratedfromthedispro-

portionationoftheprlmaryradicals,shouldcopolymerizewithDVBPtobe

incorporatedinPDVBPparticles[17】undertheconsiderationthatbo仙

methacrylomitrileandDVBPareconjugatedmonomer･AtthehighAIBN

concentration(58.1mmol/L),anum berofprimaryradicalSaregeneratedand

collisionfrequencybetweentheradicalsishigh,whichshouldresdtinthe

generationoftheby-products.AtthelowAIBNconcentration(0.5mmol凡),

theboundaryam ongtheparticleswascomparativelyclearevenbeforewash-
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Figure9Relationshipbetweenthesquarerootofbrominatesreactiontimeand

theamountofvinylgroupsdetectedfortwokindsofPDVBPpa代icIesproducedby

theprecipitatiorlPOJymerizationsofDVBPinscCO2for24hatdiqerentAIBNcon-

centrations(mmot/L):(circles)0.5,(triangles)58.1

ing(datawereomitted),andthedecreaseinweightofPDVBPparticlesafter

washingwasnegligible･

Figure8showstotalionchargeCrIC)Chromatogram ofthelow-molecu-

lar-weightby-productsgeneratedintheprocessesoftheprecipitationpoly-

merizationsofDVBPinscCO2atthetwoAIBNconcentrations(mmol凡)of

0.5and58.1･Thearrowsshowsam pleinjectiontimes･TheTICpeakstrength

ofthehighAIBNsystemwasstrongerthanthatofthelowAIBNsystem.

Thisresultindicatesthatthelow-moleculaトWeightby-productswerepre-

paredlessinthelowAIBNsystemthan inthehigh AIBNsystem･Sucha

low一molecdar-weightby-productshoddcausetheincreaseofcoagulation

oftheparticlesandisnotdesirablebecauseofadeclineoftheproductsqual-

ity･
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Figure9showstherelationshipbetweenthesquarerootofbrominatere-

actiontimeandtheam ountofvinylgroupsdetectedforthePDVBPparticles

producedatthetwoAIBNconcentrations.Thetotalam ountofdetectedvi-

nylgroupsintheparticleswas6･1Ⅹ10~4mol/ginthelowAIBNsystem,

whichwaslargerthanthat(4･9AlOl4mol/g)inthehighAIBNsystem.The

am ountofvinylgroupsdetectedat0min,whichisdetemi nedbyextrapola-

tion,meansthean ountofvinylgroupsattheparticlessurfacesl18].The

am ountsofvinylgroupsattheparticlessurfacesinthelowandhighAIBN

systemswere3･lX1014andO･6Ⅹ104mol/g,respectively･Theoccupiedarea

ofeachvinylgroupwas5.8A2inthelowAIBNsystem,whichwascalcu-

latedfromtheam ountofvinylgroupsattheparticlessurfacesandthespe-

cificsurfacearea.Thisvaluewassmallerthanthat(12.7A2)inthehigh

AIBNsystem.Theseresultssuggestthatanumberofp血 aryradicalsgener-

atedinthehighAlBNsystemdecreasetheamountofthesecondvinylgroups

ofPDVBP.

6.4Conclusions

PDVBPparticleswereproducedbyprecipitationpolymerizationofDVBP

withoutanystabilizerinscCO2aSPOlymerizationmedium atca.30MPafor

24hat650Catdifferentinitiatorconcentrations(0.5-58.1mmol/L).The

conversionsinallpolymerizationsystemswererelativelyhigh,andthein-

creaseintheimitiatorconcentrationledtotheincreasesinthedegreeofco-

agulationand也eamountoflow-molecular-weightby-productsandto血e

decreaseinthean ountofvinylgroupsintheparticle･
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Chapter7

Pmductionofpolyacrylomitrileparticles

byprecipitationpolym eriZation

instLPerCriticalcarbondioxide

7.1Introduction

Precipitationpolymerizationisoneofthemethodstopreparestabilizer-free

particles[1-6].Thisme血odrequireso山ymonomer,radicalinitiatorand

solvent･Cooperandcoworkersreportedthatpolydivinylbenzeneparticles

wereproducedbyprecipitationpolymerizationofdivinylbenzenein

supercritiCalcadbondioxide(scCO2)with2,2'-azobis(isobutyromitrile)(AIBN)

[4,5].InChapter6,Wesucceededinproducingstabilizer-free

polydivinylbiphenylparticlesbypreclpitationpolymerizationof

divinylbiphenylinscCO2WithAIBNandexaminedtheeffectofimitiation

rateofpolymerizationontheconversion,thefluidityofpowder,thedegree

ofcoagulation,theam ountoflow-molecular-weightby-products,andthe

amountofvinylgroupsintheparticles.Romackandcoworkersreportedthat

poly(acrylicacid)(PAA)Wereproducedbyprecipitationpolymerizationof

acrylicacidinscCO 2WithAIBNandpointedthatBAAproducedwerelarge

aggregatesofprimaryparticles(～100nmdiameter)fromscmi ngelectron

microscope(SEM)observationl6]･

Polyacrylomitrile(IAN)isaninterestingpolymerforawiderangeofen-

glneenngapplicationssuchasfibers,films,englneenngPlasticsandprecur-

sorsforcarbonfibersl7-11]･Moreover,InNisknowntoform crystallites

byvirtueofthemutualsegregationofcrystallizablesequencesl10,11]･The
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Strongmutualinteractionbetweenthepolymerchainsandthecrystallinena-

tureisthebasefortheuseofIANinfibersandasacomponentinenglneeト

IngPlastics･ShihoandDeSimonecarriedoutprecipitationpolymerizatiOn

ofacrylomitrile(AN)inscCO2andpointedoutfromSEMobservationthat

coagulationoccurred,buttherewerenodetaileddatabesidestheconversion

l12].Intheirstudy,theyalsoindicatedthatcolloidalstabilizerwasindisI

pensableinordertopreventcoagulationofIANparticlesandtoproduce

stabledispersionofPANparticles.

Inthischapter,Stabilizer-free,"micron-sized",relatively"monodisperse"

FANparticleswithclean Surfaceswillbeproducedbyprecipitationpolymer-

izationinscCO2･AndtheeffectsofimitiationrateofpolymerizationandAN

concentrationontheconversion,thelluidityofpowder,thedegreeofcoagu-

lation,theviscosity-averagemolecularweight(Mv)andthecrystallinitywere

investigated･

Tablo1 RecipesfortheproductionofPANparticlesbyprecipitation
polymerizationsa)ofANinscC02atdiRerentAIBNconcerltrationsandata
constantANconcentrationb)

AIBNconcentration(mmoJ/L)
lngredients

0.8C) 1.54) 3.04)7.54)15.1e)30.2e)37.7e)45.2e)

ANb) (g) 2 2 2 2 2 2 2 2

AIBN (mg) 1.2 2.5 5.0 12.4 24.8 49.5 61.9 74.3

a)ca,30MPa;65lC:10-mLstainlesssteelreactor;60cyc一es/min;24h

b)3.8mol/L(20wN%)

a)Ri(=2kdfl:I]),1012-1013mL-1S'1;kd.7L7xlO~6S~1:f,0･9

41fa(=2kdflI]),1013-1014mLllS･1;kd,7･7xlO16S-1;f,0･g

e)用(=2kdfll]).1014-1015mL-1S-1;kd,7･7xlO~6S-1;f,0･9

Abbreviations:PAN,polyacrylonitrile;AN,acrylonitrile;AJBN,

2,2'-azobis(isobutyronitrile)
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Table2 RecjpesfortheproductionofPANparticIesby

precipitationpolymerizationsa)inscCO2atdifferentAN
concentrationsandataconstantAIBNconcentrationb)

ANconcentration(W/V%)
lngredients

100) 20d) 40e)

AN (g) 1 2 4

AlBNb) (mg) 5.0 5.0 5.0

a)65.C;10-mLstainlesssteelreactor;60cyc.es/min･,24h

b)3.0mmol/L;Ri(=2kdfll]),2.5x1013mL-1S-1;kd,7.7xlO16sl1;f,0.9
C)1.9mmol/L(low/V%)
d)3.8mmoJ/L(20W/V%)
e)7.5mmoL/L(40W/V%)

Abbreviations:PAN,polyacrylonitrile;AN,acryloni州e;AIBN,

2,2'-azobis(isobutyronitriLe)

7.2Experimental

7.2.1Materials

ANwaspmifiedbyinhibitorremover(AldrichCo.,AL-154)beforeuse･

ReagentgradeAIBNwaspurifiedbyrecrystallization･IndustrialgradeCol,

withapmityof99･5%ormore,wasusedasreceivedfromKobeSansoCol

Guaranteedgradetetrahydrofuran(THF),n-hexane,andN,N-

dimethylformam ide(DMF)wereusedasreceivedfromNacalaiTesqueCol

7.2.2Precipitationpolym eri2:ationinscCO2

Precipitationpolymerizationwascamiedoutina10-mLstainlesssteelreac-

torasdescribedinChapterIundertheconditionslistedinTablesland2･

ThereactorwaschargedwithAN,AIBNandthree3/16-inch-sizedstainless

steelballstomixinthereactor,andpurgedwi血N2.Then,thereactorwas
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pressmizedwithCO2tO10MPaat250Cusingahighpressurepump(Nihon

SeimitsuKagakuCot,NP-D-321J)withshakingvigorously･Thepolymer

izationwasstartedbyheatingthemixtureto650Cwithshakingat60cycles/

minute.After24h,thereactorwascooledbydipplnglnanicewaterbath

andtheCO2WasVentedslowly.Theparticlesproducedwereobservedwith

aHitachiS-2500SEM,aJeoIJEM-2010transmissionelectronmicroscope

CTEM),andaNikonMicrophot-FXAoptiCalmicroscope.nenumber-aver-

agediameter(Dn)andthecoefficientofvariation(Cv)fortheIANparticles

weremeasuredontheSEM photographwithimageanalysissoftware

(MacScope,MitamiCo･)･TheMvweredetemi nedwithanOstwaldcapiuary

viscometeratSo℃usingDMFassolvent.

7.2.3Observationoftheultrathincrosssectionsofparticles

InNparticlesweredippedinanepoxymatrix,andcuredatroomtempera-

turefor24hbeforebeingmicrotomed･Theultrathincrosssectionswere

observedwiththeTEM.

7･2･3Angleofrepose

ThefluidityoflnNpowderwasestimatedbymeasmingangleofreposeas

follows.ObtainedlnNpowderwasgentlychargedintoaglassftm elthat

hadacircularopemngofabout3mm,Withitsopenlngblockedbyafinger･

Byremovlngthefinger,thepowderwasallowedtoflowdirectlyontoaflat

stainlesssteeldisk(10mmdiameter)toform apowderheap.Thecircular

openlngWasSet30mmhigherjustabovetheflatstainlesssteeldisk･A

optiCalphotographwasthentakenforthedeterminationoftheangleofre-
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pose,definedastheangleoffreesurfacetothehorizontalplane.

7･2･4Wide･angleX･raypatternsfromthePANparticles

ThecrystallinityofPANparticleswasestimatedbyawide-angleX-ray

diffractogram･TheX-raydiffractgramswereobtainedwithanX-ray

diffractometer(RigakuCo.,RINT2000).Nickel-filteredCuKα(九=1.542

A)radiationwasusedforanalysisandtheoperadngvoltageandcurrentwere

40kVand40mA,respectively･Theradialscansonthesampleswerecarried

outinthereg10n20=4oto1800･Theobtaineddatawereanalyzedusingthe

software(MicrocalCo･,Originver･5･0),andcrystallinitywasdeterminedby

integrationofwideangleX-rayscatteringpeaks.

7.3Resultsanddiscussion

PrecipitationpolymerizationsofANwerecamiedoutwithAIBNinitiatorin

scCO2atabout30MPafor24hat650Cinthe10-mLstainlesssteelreactors

undertheconditionslistedinTable1.TheAIBNconcentrationwasselected

onthebasisoftheideadescribedasfollows.Inradicalpolymerization,the

initiationrateofpolymerization,RiisgivenbyRi=fpi,Wherefistheinitia-

torefficiencyandpiisthegenerationrateofradicalS･ThepilSexpressed

as2kdM,wherekdistheratecoefficientforimitiatordecomposition,andmis

theinitiatorconcentration.DeSimoneandcoworkersreportedthatkdandf

valuesofAIBNinscCO2Were,respectively,about2･5timeslowerandabout

1.5timeshigherthanthoseinbenzeneatthesam etemperatureandatatmo-

sphericpressurebecauseofthelowdielectricconstantandthelowviscosity

ofscCO2[13,14]･Ingeneral,homogeneousradicalpolymerizationsinor-

ganicsolventwerecamiedoutintheRirangeOf1013-1014mL-Isーll15-17].On
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Figuro1Relationshipbetweenthe2,2'-azobis(isobutyronit州e)(A旧N)concen-

trationandtheconversionofacrylonitrHe(AN)intheprecipitationpolymerizations

insupercriticaJcarbondioxide(scCO2)for24h

theotherhand,precipitationpolymerizationsinscCO2WereOftencamiedout

inrelativelyhighRirangeOf1014-1015mL-ls-Il416],whichwascalculatedin

considerationofkdandfvaluesofAIBNinscCO2.Inthisarticleinorderto

clarifytheeffectsofRiOntheprecipitationpolymerizationofANinscCO2,

theAIBNconcentrationwaschangedinthewideRirangeOflO1211015mL-1sl

l･Thekdandfvaluesusedinthecalculationwere7.7A10-6S-1andO･9,

respectively.ThesevaluescalculatedforpurescCO2maybesomewhatdif-

ferentfromthoseforthemixtureofscCO2andANinthepolymerization

system･Actually,therearereportsthattheratesofAIBNdecompositionina

mixtureofCO2andcosolventsuchasTHFl13,14]andmethanoll18]were

higherthanthatinpureCO2.

Figure1showstherelationshipbetweentheAIBNconcentrationandthe
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Figure2Scanningelectronmicroscope(SEM)photographsofpolyacrylonitrile

(PAN)particles,whichwereproducedbytheprecipitationpolymerizationsofAN

inscCO 2for24hatdiuerentAIBNconcentrations(mmol/L)

conversionofANintheprecIPltationpolymerizationsinscCO2for24h･The

conversionwasdeterminedbygravimetricalmethod.Theconversionin-

creasedwithanincreaseintheAIBNconcentration.AtalowAIBNconcen-

trationof0.8mmol/L,theconversionwas26%.Ontheotherhand,atahigh

AIBNconcentrationof45･2mmoln.,theconversionincreasedupto90%･In

theRirangeOf1012-1014mL~ls~1,free-flowlngWhiteInNpowderswereob-

tained.

AsshowninFig.2,thePANpowdersconsistlngOfmicron-sized,rela-

tivelymonodisperseFANparticleshavingunevensurface･Theparticlesize

increasedfrom1.1to1.9〝mwiththeincreaseintheAIBNconcentration

from0.8to3.0InmOl/L AttheAIBNconcentrationof3.0mmol/L,C,value

wasmeasuredtobe15%.

Thedegreeofcoagulationco血dnotbeestimatedbytheSEMobserva-

tion,becauseitwasdifficulttoseparateindividualPANparticlesfromthe

aggregateexactlyduetotheirunevenappearances･Thedegreeofcoagula-
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Figure3ReJatic-nshipbetweentheAIBNconcentrationandtheangleofrepose

ofPANparticlesproducedbytheprecipitationpoLymerizationsofANinscC02for
24h

tionmaybeimportantintheirapplicationsoftheparticles･Inordertoexam -

inetheeffectoftheAIBNconcentrationonthedegreeofcoagulation,for

convemience,anangleofreposewasmeasured.Becausetheangleofrepose

increaseswithadecreaseinthefluidityofpowderl19-21],theincreaseinthe

angleofreposemustshow也eincreaseofthedegreeofcoagdation･

Figure3showstherelationshipbetweentheAIBNconcentrationand也e

angleofreposeofthelnNpowders.Theangleofreposedecreased(the

fluidityofIANpowderincreased)WithadecreaseintheAIBNconcentra-

tion.AssumlngthattheparticlesizewasalmostthesameinallAIBNcon-

centrationsystems,thisresultshouldindicatethatthedegreeofcoagulation

decreasedwiththedecreaseintheAIBNconcentration.

Figure4ShowsopticalmicrographsofFANparticles,whichwerepro-
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Figure4OpticalmicrographsofPANpanicles,whichwereproducedbythepre-

cipitationpolyme｢izationsofANinscCO2for24hatd肝erentAIBNconcentrations

(mmoJ/L).PANparticleswereredjspersedintetrahydrofuran(THF).

ducedbytheprecIPltationpolymerizationofANinscCO 2for24hatdiffer-

entAIBNconcentrationsofO･8,3･0,15･land45･2mmol九･PANparticles

wereredispersedinTHFwithdtrasonication.AtlowAIBNconcentrations

of0.8and3･Ommoln･,PANparticleswerealmostfinelyredispersedasslngle

particlesandtheparticlediam etersaccordedwellwiththosemeasuredwith

SEM.Ontheotherhand,athighAIBNconcentrationsof15.1and45.2

mmol/L,thenumberofsingleparticlesdecreasedandcoagulantswithir-

regularformswereobserved･Thisopticalmicroscopestudyseemstopro-

videgoodinfomationonthedegreeofcoagulationduringthepreclpltation

polymerization･

Figure5showstherelationshipbetweentheAIBNconcentrationandMv

ofthePANparticlesaftercentrifugalwashingwithmethanol･TheMvwas

calculatedusingMark-Houwink-SakuradaequationgivenbylTl]=KMvα,

wheretheKandαvaluesusedinthecalculationare20.9xlO~3mL/gand

0.75,respectivelyl22].TheMvincreasedlinearlyfrom3･8x104to18･9x104

g/molwiththedecreaseintheAIBNconcentration･

Figure6showsSEMphotographsoflnNparticlesproducedatdifferent

ANconcentrationsundertheconditionslistedinTable2.Theparticlesize
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Figure5RelationshipbetweentheAIBNconcentrationandtheMvofPANpar-

ticlesproducedbytheprecipitationpolymerizationsofANinscCO2for24h

increasedwithanincreasein血eANconcentration.AttheANconcentration

of10w/V%,theirregularlycoagulatedparticleswereobservedandthisresult

wasgoodagreementwiththatobtainedbyShihoandDeSimonewhocon-

ductedtheprecipitationpolymerizationofANatthemonomerconcentration

of8W/V%[12].At20W/V%,micron-sized,relativelymonodisperseparticles

I_i轟 _ _.式 事 亀 撃 華 讐

Figure6SEMphotographsofPANparticles,whichwereproducedbythepre-

cipitationpolymerizationsofANinscCO2for24hatd粁erentANconcentrations

(W/V%basedonthe｢eactorvolume)
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FILgure7OpticalmicrographsofPANparticles,whichwereproducedbythepre-

cipitationpolymerizationsofANinscCO2for24hatd肝erentANconcentrations

(W/V%basedonthereactorvolume).PANparticleswereredispersedinTHE

havingunevensurfaceswereobserved･At40W/V%,theparticlesseemedto

belittlecoagulated･Cooperandcoworkersreportedasimilartendencyinthe

precipitationpolymerizationofDVBinscCO2[4,5].

Figure7ShowsopticalmicrographsoftheInNparticles,whichwerepro-

ducedattheANconcentrationsof10,20,and40W/V%,redispersedinTHF.

AttheANconcentrationof20W/v%,PANparticleswerealmostfinely

redispersedasslngleparticlesasdescribedbefore･However,at10w/v%,

SomeslngleandcoagulatedPANparticleswereobserved･At40W/v%,no

singlePANparticlesandlargercoagulatedlnNparticleswereobserved.

TheseresultsindicatethatitisimportanttoselectthesuitableANconcen-

trationfortheproductionofthemicron-sized,relativelymonodisperselnN

particlesbytheprecIPltationpolymerizationofANinscCO2･Inadditionto

theANconcentration,thestimngmethodshouldhaveeffectsontheproduc-

tionofsuchPANparticlesasdiscussedinChapterl･Cooperandcoworkers

alsoshowedthatparticlesizeinprecipitationpolymerizationinscCO2Was

influencedstronglybythetypeofstimingl5]･
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Figure8SEMphotographsofPANparticlesproducedbytheprecipitationpoly-

merizationofANinscC02fordifferentpolymerizationtimes(h)atconstantAJBN

andANconcentrationsof3.0mmol/Land20W/v%basedonthereactorvolume,

｢espectively

Onthebasisofaboveresdts,infbllowlng,血eprecipitationpolymeriza-

tionofANinscCO2WaSCamiedoutattheAIBNconcentrationof3.0mmol/

LandattheANconcentrationof20W/V%.

Figures8and9,respectively,showtypicalSEMandTEMphotographsof

lnNparticlesatdifferentpolymerizationtimes･Atime-conversioncurveof

theprecIPltationpolymerizationisshowninFig･lotAsshowninFigs･8and

9,submicron-sizedPANparticles,whichwerelikelytobeaggregatesof

smallerInNprimaryparticles(80-150nmdiam eter),wereobservedat1h･

As thepolymerizationproceeded,micron-sizedPANparticles,whichseemed

tobeaggregatesofthesubmicron-sizedPANparticlesfo-edat1h,were
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500nm

Figure9Transmissionelectronmicroscope(TEM)photographsofPANparticles

producedbytheprecipitationpolymerizationofANinscCO2fordiqerentpolymer-

izationtimes(h)atconstantAIBNandANconcentrationsof3.0mmol/Land20W/

v%basedonthereactorvolume,respectively

observedat6h.After6h,theaggregationendedandtheunevensurfaces

graduallybecam esmoother,andthedistinctchangewasnotobservedafter

24h.At6and12hinFig.9,somelightpolntSWereObservedinthePAN

particles,whichseemtobeduetosomevoids･However,suchacontrastwas

notobservedafter24h･AsshowninFig･10,theconversionofANgradually

increasedunti124handafterthatitincreasedslowly･Theseresultsindicate

thatthemicron-sizedPANparticleswereformedasaggregatesofsmaller

fANparticlesattheearlystageofthepolymerizationandthenthepolymer-

izationofANadsorbdbythemicron-sizedPANparticles【23]o∝urredmainly

attheirsu血cesandin也evoids,whichsho山dleadtothedegreeofdepres-

sionatthesu血ceandthesizeofthevoids,respectively,beingsmootherand

smaller.

Figure11showsTEMphotographsofultrathincrosssectionsoflnNpar-
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tiClesproducedatdifferentpolymerizationtimesofland24h,atwhichthe

conversionswere,respectively,aboutland66%･At1h,somedarkerpoints,

whichhad50-200nmdiameter,wereobseⅣed,andtheirsizeaccordedwi仙

thatofthepnmaryparticlesobservedat1hinFig･9.At24h,thecontrastin

theultrathincrosssectionofthePANparticlewasheterogeneous.There

weresomedarkerpoints,whichhad50-270nmdiam eter,ineachparticle,

andtheirsizewasalmostinaccordwithorwasalittlelargerthanthatof

darkerpointsobservedatlhinFig･IllThisheterogeneouscontrastmight

beduetotheheterogeneityoftheelectrondensity.Thatis,electrondensityat

thedarkerpointsishigherthan thatofotherarea.Judgingfromlittlediffer-

enceincontrastbetweenlighterareaintheparticlesandepoxymatrixat24h

10 20 30 40 50

¶me(h)

0
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4
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u

o!s
J

â
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D

Figure10Atime-conversioncurvefortheprecipitationpoLymerizationofANin

scCO2atCOnStantAIBNandANconcentrationsof3.0mmoJ/Land20W/V%based

onthereactorvolume.respectively
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FigurellTEMphotographsofuJtrathjncrosssectionsofPANpartjcJesproduced

bytheprecipitationpolymerizationofANinscCO2for1and24hatconstantArBN

andANconcentrationsof3.0mmol/Land20W/v%basedonthe｢eacto｢volume,

respectively

inFig,11,theremightbeapossibilitythatthelightercontrastareawasmade

ofepoxyresin.Thismeantthatthevoidsobservedat6and12binFig.9

couldnotbeburiedcompletelywithPANbythefollowlngPOlymerization

andbeburiedwithepoxyresinduringtheprocessofdipplnglntheepoxy

matrixforthepreparationofultrathincrosssection･

Figure12showswide-angleX-raydiffractogran soflnNparticlespro-

ducedbythepreclpltationpolymerizationinscCO2attheAIBNconcentra-

tionof3.0mmol/Latdifferentpolymerizationtimesof6and24h.There

waslittledifferenceinthediffractogramsat6and12hbesidesomesmall

peaksobservedbetween20oand28oat6h･ⅠnbothInNparticles,astrong

peakandaweakonewere,respectively,observedat20=16･7oandat20=
2930.Thesecorrespondtod-Spacingsof530and3.04A,whichattributeto

diffractionsof(010)and(300)planes,resp∝tivelyl10].Thecrystallinities

ofthePANparticlesproducedinscCO2at6and24hwere17and19%,

respectively･ThecrystallitesizesofbothlnNparticleswerenearlyequalto

beabout60A,andweresimilartothatofPANpowderproducedbyslurry
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Figure12Wide-angleX-raydiffractogramsofPANparticlesproducedbythe

precipitationpoJymerizationofANinscCO2for6and24hatconstantAIBNand

ANconcentrationsof3.0mmol/Land20W/V%basedonthereactorvolume.re-

spectively

polymerization(70A)[10],andwassmallerthanthatofFANparticlespro-

ducedbyminiemulsionpolymerization(120A)lll]･Thecrystallitesizes

werecalculatedfromthewidthsathalfheightofthepeaksat20=16.70using

ScherrerequationgivenbyD=RNβcosO,whereDistheaveragecrystallite

size,Kistheconstant(K=0.9),大isthewavelengthofCuKcLradiation(九=

1.542A),βisthehalfwidthofthediffractionpeakwhichismeasuredin

radianand0isBraggangleforcrystaldiffraction･Theseresultsindicatethat

therewaslittledifferenceincrystallimityandcrystallitesizebetweentheIAN

particlesproducedinscCO2atdifferentpolymerizationtimesof6and24h,

atwhichtheconversionswere,respectively,17and66%,thoughtherewasa

remarkabledifferenceinparticlemorphology･
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7.4Conclusions

PANparticleswereproducedbytheprecipitationpolymeri2ationofANwith-

outanycolloidalstabilizerinscCO2aSaPOlymerizationmedium atabout30

MPafor24hat650Catdifferentimitiatorconcentrations(0.8-45.2mmol/L)

andatdifferentANconcentrations(10-40W/V%).Theincreaseintheimitia-

torconcentrationledtotheincreasesintheconversionandinthedegreeof

coagulationandtothedecreaseinthemolecularweight.AtANconcentra-

tionof20W/V%,micron-sized,relativelymonodisperselnNparticleswith

cleanandunevensu血ceswerepmduced.
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Conclusions

Inthepresentwork,productionsofpolymerparticlesinsupercriticalcarbon

dioxide(scCO2)Werestudiedfromtheviewpointofpolymercolloidchemis-

try.Theresultshavebeensummarizedhere.

PARTIconcemstheconstructionanddevelopmentofhigh-pressurere-

actorsfortheproductionofpolymerparticlesinscC02.

InChapter1,small-scalehigh-pressurereactorsfortheproductionof

polymerparticlesinscCO2Weredesigned,constructedanddeveloped.The

effectsofthesmall-scalehigh-pressurereactors,including90-mLreactor,

ontheproductionsofpolymerparticlesinscCO 2Werediscussed･The

constructedsmall-scalereactorsinthese既Perimentswereconvenientfor

thepreparations.

PARTIIconcemstheproductionsofpolymerparticlesbydispersionand

precipitationpolymedzationsinscCO 2･

InChapter2,thedispersionpolymerizationsofme血ylmethacrylate

(MMA)withdifferenttypesoforganicperoxidesinthepresenceof

trimethylsiloxyterminatedpoly(dimethylsiloxane)(PDMS)stabilizerwere

conductedinscCO2･Whenbenzoylperoxide,whichhashighcross-linking

efficiency,wasusedasanorganicperoxide,micron-sized,relatively

monodispersepoly(MMA)(PMMA)particleswereobtained･

InChapter3,PMMAparticleswereproducedbythedispersion

polymerizationofMMAwith2,2'-azobis(isobutyromitrile)(AIBN)inthe

presenceofmercaptopropylterminatedPDMSstabilizerinscCO2atabout

30MPafor24hat65oC.Theparticlediametercouldbecontrolledfrom

submicronsizetomicronsizebyvarylngmerCaPtOPrOPylterminatedPDMS

concentration.ItwasclarifiedthatthemercaptopropylterminatedPDMS
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operatedasnotonlyachain土工mSferagentbutalSoacolloidal血 ilizer,which

wasnamed"比anstab".

InChapter4,submicron-sized,comparativelymonodispersePMMA

particleswereproducedbythedispersionpolymerizationofMMAwith

PDMS-basedazoimitiator,VPS-0501,inscCO 2at30MPafor24hat65oC.

Theinitiatoroperatedasnoto山yaradicali血tiatorbutalsoacolloidal

stabilizer,whichwasnamed"inistab".

InChapter5,theproductionofthePMMAparticlesbythedispersion

polymerizationwithAIBNinthepresenceofaminopropylterminatedPDMS

stabilizeratabout30MPafor24hat650Cwaspresented,andaminopropyl

termimtedPDMSshouldbeattachedtoPMMAparticlesbyhydrogentnnding

interactionbetweenaminopropylgroupandcarbonylgroupatPMMAparticle

surface･ItwasclarifiedthataminopropylterminatedPDMSworkedasan

effectivecolloidalstabilizerinscCO2.

InChapter6,polydivinylbiphenylparticleswereproducedbythe

precipitationpolymerizationofdivinylbiphenylwithoutanystabilizerin

scCO2atCa.30MPafor24hat65oCatdifferentAIBNconcentrations(0.5-

58.1mmoln.).Theconversionsinallpolymerizationsystemswererelatively

high,andtheincreaseintheAIBNconcentrationledtotheincreasesinthe

degreeofcoagulationandtheamountoflow-molecular-weightby-products

andtothedecreaseintheam ountofvinylgroupsintheparticle.

InChapter7,polyacrylonitrile(PAN)particleswereproducedbythe

precipitationpolymerizationofacrylonitrile(AN)withoutanycolloidal

stabilizerinsupercritiCalcarbondioxideatabout30MPafor24hat650Cat

differentAIBNconcentrations(0.8-45.2mmol/L)andatdifferentAN

concentrations(10-40W/V%).AnincreaseintheAIBNconcentrationledto
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increasesintheconversionandinthedegr飴Ofcoagulationandtoadecrease

inthemolecularweight.AtANconcentrationof20W/v%,micron-sized,

relativelymonodisperseFANparticleswithcleanandunevensurfaceswere

produced.

Smal1-scalehigh-pressurereactorsfortheproductionofpolymerparticles

inscCO 2Weredesigned,constructedanddeveloped,andpolymerparticles

weresuccessfullyproducedbydispersionandprecipitationpolymerizations

inscCO2utilizingthesereactors･Andthen,characterizatiOnsoftheparticles

producedbyawiderangeofmethodswereconductedindetailfromthe

viewpointofpolymercolloidchemistry･
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