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Introduction  
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1．1 0verview  

Liquid－1iquidphaseseparationandthermOreVerSiblegelationaretWOOfthemostcharaCteristic  

Phasetransitionphenomenainpolymersolutions・Tbclarifytheirmolecularmechanismsis  

VerylmPOrtantnOtOnlyfbrbasicscienti点cresearChofpolymersbutalsofortheirindustrial  

applications・Sofar，theseproblemshavebeenintensivelystudiedbyvariousmethodssuch  

asexperimental，theoretical，andcomputationalmethods・Inearlystageoftheoreticalstudyin  

1940s，RJ・FloryandWH・Stockmayerdevelopedastatisticalreactiontheoryofgelation・In  

thesameperiod，FloryestablishedthestatisticalthermOdynamictheoryofpolymersolutions，  

Whichenabledustoanalyzephaseseparationphenomenainpolymersolutions・Studiesof  

interftrencebetweenphaseseparationandgelation，however，Startedmuchlaterin1990s，and  

theproblemhasnotcompletelybeensoIvedeveninthesedays・   

Aqueouswater－SOlublepolymersattractinterestfromtheviewpointofglobalenvironment  

PrOteCtion．Ⅵねter－SOlublepolymersrevealinterestingpropertiessuchasphaseseparationat  

highterq）erature，SWellingbywateradsorptlOnetC．TheirmolecularmeChanismshavenot  

howeverbeendescribed．Hydrationplaysanimportantroleforphaseseparationathightem－  

Perature．Ⅵねter－SOlublepolymersfbrmhydrogenbondswithwatermolecules（boundwater）  

atlowtemperature，i．e．，PO＆meTTWearClothsmadebywatel：Thus，POlymerchaindissoIves  

inwater．Athightemperature，dehydrationoccursduetothermalmotion，i．e。，PO＆merchain  

takesQqitsclothQfwater，beingdrivenintolowsolubility．Then，1iquid－1iquidphaseseparation  

fo1lowsduetoaggregationofpolymerchains・TheshapeofphaseseparationreglQndependson  

thesidechainofthepolymeIこPoly（〃」isopropylacrylamide）（reftrredtoasPNⅣÅM），Whichis  

Wellknownasthermosensitivepolymer，SeParateSintotwoliquidphaseswhentemperatureis  

raisedtoapproximately3lOC・ThecloudpointcurveOfPNIPAMdependsonlyweaklyonboth  

molecularweightandtheconcentration・Inthecaseofpoly（ethyleneoxide）（refbrredtoas  

PEO），however，PhaseseparationregionexpandswhenthemolecularWeightbecomeshigher・  

Thus，thereisagreatdi鮎renceintheirmolecularmeChanismsofphaseseparation・  
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Hydrophobicgroupsrepresentedbyalkylgroups，aggregateSWitheachotherbyhydropho－  

bicinteractioninwater・Thennetworksandmicellesarefbrmed・Gelationandphaseseparation  

areinterfbredbyhydrophobicassociationbetweensurfactantsandpolymerswhensurfactants  

areintroducedintoaqueousassociatlngPOlymersolutions・Vbrioushydrophobicallymodified  

water－SOlublepolymers（COmmOnlynamedasassociatingpolymers）aresynthesizedandstud－   

iedtheirthermOdynamicproperties．Itismuchinterestinginthecaseoftelechelicassociating  

polymerswhichcarryhydrophobicgroupsatbothchainends・Duetocoexistenceofhydration  

onthemainchainandhydrophobicaggregationbytheendchains，且owermicellesareformedat   

lowtemperatureindilutereglme，Whilethreedimensionalnetworksareformedatconcentrated  

reglme；beingaccompaniedwithphaseseparationathightemperature・Studyonthemolecu－  

larmeChanismofphasetransitionsundercoexisting，OrCOmPetinghydrationandhydrophobic  

aggregationinpolymersolutionshasnotbeenreportedyet・   

Inpolycondensationsystem，WatermOleculesreactswithpolymers，thustheycanbere－  

gardedasactivesoIvent．Inthecaseofmonomersthathavemorethanthreereactivesites，  

branchedpolymersarefbrmedduringpolycondensation，thusphaseseparationispromoteddue   

tothelossofthemlXlngentrOPybythedecreaseinthedegreesoftranSlationalmotion．Such  

Phaseseparationiscalledgelationinducedphasesq，anltion．Gelationinducedphasesepa－  

rationinpolycondensation，SuChasesterification，SOl／gelreactionintetra－ethoxysilane，etCis  

VerylmPOrtant，thustheyareStudiedinbothacademicscienceandindustrialenglneenng．Poly－  

merizationtakesplaceeitherinaclosedvesseloranopenvessel・ThecontrollableparameterS  

inthesevesselsarethetemperatureandvolume・Thusvqpourpressureisusuallynotacon－  

trolhbleparameter・Ifthereactionisconfinedunderaconstantvapourpressure，COntrOlling  

Phaseseparationandgelationiseasier・Therefbre，itisimportantto丘ndthefundamentalpnnci－  

Pleofpressure－COntrOlledthermOreVerSiblegelation・Thereisalsoanimportantstudyforboth  

reactionmechanismandgelationinducedphaseseparationtofindtherelationbetweentime－  

dependentproperties（reactionpaths）andtheinitialconditionofthereactivesolutions，i．e．，the  

initialtemperatureandcomposition・Inthisthesis，theauthorreportstheoreticalandcompu－  
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tationalstudiesontheseproblemsthathehasdoneduringthepastthreeyearsofthedoctoral  

researCh．  

Intherestofthischapter；theauthorbrie8ydescribestheoutlineofthegeneraltheoretical  

丘amework，andmotivationofthisthesisandtherelatedstudies．  

1．2 TheoreticalResearchesonSolutionsofAssociatingPoly・  

rners 

Inthissection，theauthorshowsthestatistical－meChanicaltheoryofassociatingpolymersolu－  

tionsandtheoreticalstudyofphaseseparationinwater－SOlublepolymersolutionswithfbcus  

Onhydration．Theclassicaltheoriesofsol／geltransitionarealsodescribed。   

1．2．1Statistical・MechanicalTheoryofAssociatingPolymerSolutions   

Letusstudythestatistica1－meChanicaltheoryofassociatingpolymersolutions［1】．Thisthesis  

isbasedonit．  

Letusstartfromthelatticetheorylnabinarymixturesystem．ThesystemvolumeVis  

dividedintocellsofsizea，thusthetotalnumberofce11f2isde血edbyf2≡竹a3。There  

aretWOtyPeSOfmoleculesinthissystem－AmoleculeandBmoleculewiththedegreeof  

POlymerizationnAandnB，reSPeCtively．ThemonomerofAmoleculeandBmoleculehavesame  

Size．Thesolutionisassumedincompressibilityofthesolution．Theclusterwhichconsistsof  

thenumberloftheAmoleculesandmoftheBmoleculesisexpressedbyan（l，m）－mer，then  

thenumberofthe（l，m）－merSis‰．Thus，（1，0）and（0，1）clustersareun－reaCtedAmolecule   

andBmolecule，reSPeCtively．Now，f2canberewrittenby  

n＝∑（和才＋研）‰・  

g，m  

Thenumberdensityandvolumefractionofthe（l，m）－merSaregivenby  

（1．1）   

弼∽  
γh～＝  

¢肋＝（乃AJ＋乃β∽）γJ椚＝  
（和才＋乃β椚）賄乃  
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respectively・InthepostgelreglmeWheregelnetworksexist，thenumberofAandBmolecules  

belonglngtOgelnetworksarede丘nedby哨andNg，reSPeCtively・Thus，thenumberdenslty  

andvolume丘■aCtionareeXPreSSedby  

堵≡塑 n  

¢g≡〝A堵＝乃A昭         即  

、・≡ n  

¢冨≡乃βγ冨＝竺些        n  

●  

nisglVenby  

Q＝∑（乃AJ・乃β∽）‰＋乃A昭・乃β棺  

J，椚  

ThevolumefractionofsoIpartareglVenby  

（1．6）  

菰≡侮∑ル肋  
J，m   

Wbhavetonotetherelationsthat   

菰≡〝β∑∽γ血・  

J，椚   

（1．7）  

如＝菰＋菰   

毎＝¢芸＋¢富   

¢A＋毎＝1．  

Ifweassume¢AaSanindependentparameter，QACanberewrittentothesimpleexpression¢．   

Letusdiscussthefreeenergy・ThefreeenergydiffbrenceAF丘omthestandardreftrence  

StatecanbedividedintotwotermS，  

AF＝A汽ea＋△㌔x．  （1．11）  

AFkaisthefreeenergydiffbrenceofreactionbetweenthestandardrefbrencestateandtheideal  

StatethathasrealnumberdistributionofclustersbyreactionwithAmoleculesandBmolecules．  

β姉ea＝∑（△血弼椚＋軋噂・∂β囁  

J，椚  

（1．12）  

Whereβ≡1／kBT，and   

△J肌≡β小㌫一明0－〝甲岩1）・  

5  
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isthefreeenergywhenan（l，m）－merisformedbythenumberlofAmoleculesandmofB  

molecules．FLOshowsinternalfreeenergy，6A，6Barethefreeenergychangewhenanisolated  

moleculebondswiththegelnetwofks，thenexpressedasafunctionofvolumefraction¢・   

AFmixisthefreeenergydi鮎renceofmlXlngbetweentheidealstateandtherealstate・  

AccordingtotheFlory－Hugginstheory［2，3］，AFLixisgivenby  

βA㌔x＝∑弼∽1nれ＋頭1－¢），  
J，椚  

（1．14）  

wherexistheFlory，sx－ParameterthatistheinteractionbetweenAmoleculeandBmolecule・  

Eq．（1．11）hasboththebondingtermA省。aandtherepulsivetermAFhx，thusthereisalotof  

interestingphenomenoninsuchassociatingpolymersolutions・   

Thechemicalpotentialofthe（l，m）－merSAFLbnisgivenby  

＝1＋△血＋1n¢肋－（乃AJ＋乃β椚）㍉  

＋ガ［乃AJ（1－¢）＋乃β∽¢－（乃AJ＋乃β椚）¢（1－¢”  

＋［板J（1－¢）一乃β叫】略（¢）堵－∂忘（¢）γ鈷   （1．15）  

βJ叫加≡β  

r，坤椚′，…  

Where  

㍉≡γ肋  （1．16）  

isthetotalnumberofsoIclusters．FromEq．（1．15），thechemicalpotentialsofisolatedmolecules   

areeXPreSSedby  

βJ叫10 1＋1n¢10   
－㍉＋ガ（ト¢）2＋略（¢）堵－∂忘（¢）γ富】（1－¢）  （1．17）   

－㍉＋ガ〆一略（¢）堵－∂去（¢）増］¢，  （1。18）  

乃A  乃A  

β如上oll＋1n¢01  

乃β  乃β  

respectively。ThechemicalpotentialofAandBmoleculesingelnetworksareeXPreSSedby  

β旬g   

乃A  

β軸冨   

搾β  

－㍉＋ガ（ト¢）2＋略（¢）堵－∂忘（¢）γ富］（ト¢）  
乃A  

垂－㍉＋ガ〆一晩（¢）堵－∂左（¢）γ冨］¢． 乃β  
6   



Wtnextderivethedistributionfunctionfromchemicalpotential・Inthecaseofnongelling  

systemoratpregelregime，then¢G＝0・FromthethermOequilibriumconditionforassociation  

（multipleequilibria），  

勾JJ椚＝J如10＋∽△抑1．   

Thus，thevolumefractionofthe（l，m）－merSisgivenby  

れ＝私戒。¢㌫，  

（1．21）  

（1．22）  

Where  

‰≡eXp（J＋∽－1－△血）  （1．23）  

istheequilibriumconstantfbrassociationthatisglVenaSafunctionoftemperature・Thetotal  

numberdensityandthevolumefractionofsoIpartareglVenby  

＆椚  ¢血  ㍉（¢10，如＝∑   ¢i。¢㌫，  
乃AJ＋乃β∽  乃AJ＋乃β∽  J，研 一▼几‾ ■ ■▼」リ’■▼   

J，椚  

¢∫（如拙＝∑¢血＝∑‰¢i。軋  
J，椚  J，椚  

¢10and¢01areeXPreSSedasafunctionof¢bysoIvingEqs．（1．26）and（1．27），   

∂㍉  

視軸＝¢  
両㍍  

廟＝ ト¢・   

LetusdiscusssoVgeltranSition，Eq．（1．25）isadoubleseriesequationandmonotonousin－  

CreaSingseries．Thus，thereareboundarylinesofconvergenceregion．If¢S＜lonthisbound－  

arylineandinsideconvergenceregion，thegelnetwofksexistinthissolution．Thus，SOygel  

transitionlineisglVenby  

¢∫（砿，宛）＝1．  （1．28）   

Atthepostgelreglme，theequilibriumconditionforassociationbetweenanisolatemolecule  

andagelnetworkareglVenby  

如A≡如10＝如≡  如β≡如01＝∠叫冨．  （1．29）   
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Then，  

（1・30）  1n¢01＝∂β（¢）－1．   1n¢10＝屯（¢）－1  

Thus，¢A，QBaregivenasafunctionof6A（¢），6B（¢），reSPeCtively・   

BinodalCondition   

ThebinodalconditionwheresolutionseparateSintotwodi鮎rentmacroscopICPhaseataglVlng  

temperatureTisglVenby  

△抽（¢′，ア）＝勾‘A（¢′′，r），  

旬Jβ（¢′，r）＝如β（¢′′，r），  

where¢′，¢′′arethevolumefractionofAmoleculesinrichBphase，andinrichAphase，  

respectively．Thus，¢′，¢′′aregivenbysolvingthesimultaneousequations（1・31）and（1・32）・  

ThecurveWhich¢′and¢′′arePlottedonthetemperature－COnCentrationplaneiscalledbinodal   

CurVe．  

SpinodalCondition   

Thespinodalconditionwhereistheboundarybetweenstable／unstableregionisgivenby  

∂（4〃A／乃A一郎Jβ／乃β）  
（1．33）  ＝0．  

∂¢  

Then，  

侮（¢）．侮（の   
（1．34）  一身＝0．  ＋  

板¢ 乃β（1－¢）  

Where  

侮≡如孟（1＋鴫）1n如＝¢孟（1＋碩1n如  
（1．35）  

〝β≡瑞（1＋鴎）1叫01＝小嶋卜拗叫01・ 
（1・36）  
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1．2．2 StatisticalTheoryinAqueousSolutionsofPoly（EthyleneOxide）   

Matsuyamaetal・［4］（refbrredtoasMT）theoretical1ystudiedphaseseparationinabinarymix－  

tureofpolymerandsoIventwhichwerec叩ableofformlngthermOreVerSiblebondseachother  

bypalrWiseassociation・Thebinodalcurvesfromthistheory丘ttedverywelltheexperimental  

datainaqueoussolutionsofPEObySaekietal．［5］．Inthissection，theauthorshowsthisMT  

theoryaPPlyingtoPEO／watersystems．   

MTisemployedtoamodelsolutioninwhichthenumberNlOfpolymerchainswithdegree  

ofpolymerization（reftrredtoasDP）naremiⅩedwiththenumberNbofwatermolecules，anda  

POlymerchainhasnfunctionalsite，thenitisbasedonthelattice－theoreticalpictureofpolymer  

SOlutions・Eachofumitce11canaccommodateeitherawatermoleculeorastatisticalrepeatunit  

Ofthepolymer，thustotalnumberofcellsisglVenbyf2＝鞠＋nNl．Thetypeofhydrated  

Clustersareexpressedby（1，m）type，Whereism＝0，1，・・・，n・Then，thefreeenergychangeis  

dividedintotwotermS，  

△ダ＝Aダm玩＋△省。a．  （1．37）  

AccordingtothelatticetheoryofFlory－Huggins［2，3］，thefreeenergydi鮎renceofmixing  

AFmixisglVenby  
乃  

β△且血＝肘唖・∑Ⅳ1∽1叫1m・鋤（1－¢），   （1．38）  

肌＝O  

WhereNb，40≡穐／f2arethenumberofthefreewatermoleculesandtheirvolumefraction，  

Nlm，¢1marethenumberofthe（1，m）－merSandtheirvolume血・aCtion，Xisthewater－POlymer  

interactionparameter，¢＝nNl／f2＝∑㌫＝。nQlm／（n＋m）isthetotalvolumefractionofthe  

POlymers，andβ≡1／kBT，reSPeCtively．  

乃  

β姉ea＝∑△∽Ⅳ1∽，  
m＝1  

（1．39）  

WhereAmisthefreeenergyd此renceintheformationofanm－merfromabarePOlymerchain  

andthenumbermofthewatermolecules，then，glVenby  

△m≡β山；椚－パ。－椚〃岩1）・  
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Thechemicalpotentialofthefreewaterpo，m－merFLlmareglVenby  

触＝β芸＝購・1n炉1－（¢0・≡）欄2，  （1・41）  

仇＝β ＝肌叫1m＋1－（…）（¢0＋≡）・w［（トか≡叶（1・42）  

ThemultiplechemicalequilibriaconditionisglVenby  

（1．43）  旬1肌＝勾JlO＋∽△〃い   

Thus，SubmittingEqs．（1．41）and（1．42）intoEq．（1・43），thevolumefractionofthem－merSis   

given by 

¢1椚＝‰¢川（如）m，  （1．44）  

WhereKL＝eXP（m－Am）istheassociationconstant・   

AmconsistsofthreetermS－thecombinatorialentropyASc。mb，theconfigurationalentropy  

ASdis，andthefreeenergyofbonding（enthalpyterm），thus，Amisgivenby  

△∽＝一（△∫comb・△∫dis）・β△伽  （1・45）   

Ifeachbondbetweenpolymerandwaterisbothisolateandrandom，thenASc。mblSglVen   

by  

（1。46）  △∫。。mb＝毎1n鶴＝々β1n（乃C，乃），   

Where勒isthenumberofwaystoselectmfunctionalgroupsoutofnonapolymerchain．   

ASdisforanm－merfbrmationisglVenby  

ASdis＝Sdis（n＋m）・－Sdis（11）－mSdis（1）  

J（z－1）2  ＝叫誓〈   
Ze  

Sdis（n）isgivenbyfrom”entropyofdisorientation”，  

乃Z（z－げ‾2  
（1．49）  Sdis（n）＝kBln   

Je乃一1   

Wherezisthecoordinationnumberofaquasilattice，0－isthesymmetrynumberofthecluster・  
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FromEqs．（1・45），（1・46），and（1・49），KL2isgivenby  

‰＝ 
乃  
乃CmA（r）m，  （1．50）  

where＾（T）≡［q（z－1）2／ez］eザ△jbistheassociationconstant・   

Bythenormalizationconditiontogetherwithmultipleequilibria，thevolumefraction¢ois  

givenaSafunctionof¢and＾（T），  

恒【（ト2¢）…・廊］，  （1．51）  

Where   

β（¢）≡【（1－2¢）ユー1］2＋4A（ト¢）．  （1．52）  

Now，Eqs．（1．41）and（1．42）arealsoexpressedasafunctionof¢and＾（T）．Thespinodalcondi－  

tionisglVenby  

＋ 

志怒1憺卜 掴  （1・53）  

∂（如上lO／乃一郎0）  

∂¢  乃¢ 如¢＼d¢／ 
7－  、■▼▼■′   

Fornumericalcalculation，thereducedtemperatureTisintroducedbythedefinitionT≡   

1－00／T，WhereOoisthereftrencethetatemperature，00Satisfyingx（00）＝1／2．x（T）is   

expressedastheconventionalSchultz－FloryformX（T）＝1／2－¢Tforthex－Parameter［6］and  

＾（T）＝＾oexp（lE＋AEJ／kBT）＝＾oexp［γ（1－T）］，WhereんgivestheentropypartOfthebinding  

freeenergy，andγ≡lE＋AEf／kBOogivesthebindingenergymeasuredrelativetothethermal  

energyatthereftrencethetatemperature．   

Figurel．1showsthephasediagraminPEαwatersystems・Phaseseparationregionexpands  

WiththeincreaseofDPn・TheparameterSareuSedtofittheexperimentaldatabyS・Saekiet  

叫5］：ゆ＝1，0。＝730乾γ＝6，Ao＝1．66×10‾5．   

1・2．3 ClassicalTheoryofSoVGelTransition   

ItisimportanttopredictmolecularWeightdistributionofproductsfromtheextentofreactionin  

POlycondensationreactionofmultifunctionalmoleculessuchasSi（OEt）4／H2q但tOHsystem．  

TherearetWOaSSumPtlOnSWhenwetheoretica11ystudythisrelation；  
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（1）Allfunctionalgroupshaveequalreactivityduringthereaction・  

（2）Internalloopinallclustersisfbrbidden，i・e・，allclusterstakeCayley’streestruCture．   

Inthissection，theauthorshowstheclassicaltheoriesofgelationbyFlory［7，8］andStock－  

mayer［9］onthebasisoftheseassumptions．   

GelPointandDegreeofPolymerization   

GelisaclusterwithinfinitemolecularWeight・Gelpolntisdefinedmathematicallywhere  

Weight－aVeragedegreeofpolymerizationdiverges，thustheconditionisglVenby  

吼＝∞．  （1．54）  

Then，thegeometricaldefimitionisthatclustergrowstomacroscopICSize・   

LetusstudymolecularWeightdistributioninthecaseofpolymerizationinhomogeneous  

SyStemOf”A”moleculewithffunctionalgroups．ThenumberofAmoleculesinthesystem  

isN・Inanm－mer，thenumberofreactedandun－reaCtedfunctionalgroupsare2（m－1）and  

fm－2（m－1）＝fm－2m＋2，reSPeCtively．Thetotalnumberofun－reaCtedsitesisgiven  

byfN（1－α）whereαistheconversionoffunctionalgroups．Theratioofun－reaCtedsitesin  

m－merSfbrallun－reaCtedsitesisglVenby  

／∽－2〝7＋2  
j㌔＝   鶴，  （1．55）  

′Ⅳ（1－α）   

WhereNnisthenumberofthem－merS．Pmisalsoexpressedby  

P椚＝鴎αm‾1（トα）伽‾2佃1 （1．56）  

Where（JLlisthenumberofdifftrentwaystoformanm－merfromthenumbermoftheA  

molecules．Thus，uふisglVenby  

（′∽－∽）！  

兢＝   （1．57）  
∽！げ研一2J乃＋1）！■  

Thus，   

′（1－α）2  

山〝β椚，   叫，，＝Ⅳ  （1．58）  



whereum≡（fm－m）！／m！（fm－2m＋2）！andβ＝α（1－α）f－2・Thenumberofbondsinthe  

systemisfNα／2．Thenumberofmonomersisdecreasedbyonewhenonebondisfbrmed，i・e．1  

amonomeraggregatestoacluster，thusthetotalnumberofclustersMisglVenby  

〟≡写瞑Ⅳ一等＝車割  

Thenthenumber－distributionofmolecularWeightふisgivenby  

（1．59〕  

鶴 J（1－α）2  
山〝βm  （1．60〕  ふ≡霊   

〟 α（1－／α／2）   

Thenumber－aVeragedegreeofpolymerization＜m＞nlSglVenby  

苔 ′  ′（トα2）さ＿＿＿＿．′け乃 ‥ ∑ルダ＝  、‖’r〃…Jm  （1．61〕  
1－／α／2●  乃 

α（1－Jα／2）慧 町  

Theweight－distributionofmolecularWeightwmlSglVenby  

∽鶴  ′（1－α）2  
椚山〝β椚。  （1．62）  W椚≡  

∑研削鶴  α   

Theweight－aVeragedegreeofpolymerization＜m＞wisglVenby  

′（1－α2）ぞ  1＋α  
∽2山㌦m＝  （1．63）   ＜m＞w＝  〝lWI搾＝   

1－（J－1）α○  α  

Letusgobacktothegelpoint。BycomparisonEq・（1・54）withEq・（1・63），theconversionα＊  

atgelpointisde丘nedby  

α＊≡ 

・  

（1・64）  

Atgelpoint，thenumber－aVeragedegreeofpolymerization＜m＞nhasstillfinitevalue（See  

Figurel。2），  

2（′－1）  
（1．65）   ＜〝l＞乃＝   

′－2  
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PostgelRegime   

TherearetWOtreatmentSatPOStgelregime－Stockmayer’streatment［9］andFlory’streatment［7，  

8］．LetusstudyStockmayer’streatmentfirst・   

Wtcanregardgelclusterasm－merSatm→∞ifweassumetreestatisticsatpostgelreglme・  

Thus，theconversionαGofthegelclustersisglVenby  

2（∽－1） 2  
αG＝1im  （1．66）  

J∽   ∽  

ⅥねassumethatthefimitesizeclustersbondtothegelclusterswiththeconversionofsoIclusters  

αS＝α＊atpostgelregime（α＞α＊）．TheconversionαOfal1functionalgroupsisgivenby  

α＝W∫α∫川GαG＝α＊（トwG）・wG，  （1・67）  

wherews，WGareWeightfractionofsolandgelclusters，reSPeCtively，thusws＋WG＝1・Then，  

wGISalinerfunctionthatisglVenby  

（′－1）α－1  
（1．68）  WG＝  

1－2／′   

FromEq．（1．68），WG＝1atα＝2／f＜l・Thus，allmonomersbelongtothegelclustersbefore  

thereactionisteminatedα＝1（SeeFigurel．3（a））・   

Onthecontrary，Floryinterpretedfromhisfo1lowlngreSultthatcirclefbrmationlSPemitted  

inthegelnetwofk・TheweightfractionofthegelwGISglVenby  

（1－α）2α′  

（1．69）  WG＝1－   
（1－α′）2α●   

Thisderivationisshowninthefo1lowingsentences．Atpostgelregime（α＞α＊），α′andαare  

thesolutionsoftheequationβ≡α（トα）f－2．Thus，  

α（1－α）′‾2＝α′（1－α′）J‾2  （1．70）   
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Figurel．3：Conversionα，αs，αGandgelfractionwGaSafunctionofconversionαinthecase  

Off＝4．（a）Stockmayer’streatment，（b）Flory’streatment・  
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α′isthesma11rootofthisequation・Theweightdistributionofthefinitesizeclustersinthesol  

isgivenbysubstitutingα′intoαinEq．（1．62）（αS＝α′）・Theweightfractionofthesolisgiven  

by  
（1－α）2α′  

（1．71）  W〝l＝   W∫＝  
（1－α′）2α●  

Thus，Eq．（1．69）isderived．αisgivenby  

α＝W∫α′＋WGαG。   （1．72）  

Fromthisequation，αGislargerthan2／f，thuscirclefbrmationmustbepemittedinthegel  

networkatFlory，streatment．InFigurel．3（b），allmonomersbelongtogelclustersatα＝1・  

1．3 SeveralStudiesofPhaseSeparationandThermoreversible  
GelationinSolutionsofAssociatingPolymers  

l．3．1PhaseSeparationinⅥねter・SolublePolymerSolutions  

AqueousSolutionsofThermosensitivePoly（ル壷opropylacrylamide）   

TherearemanyStudiesofphaseseparationinPN恥Msolutions。   

In1960s，M．Heskinsetal．［10］madethephasediagramsofthecloudpointsonthetempera－  

ture－COnCentrationplaneinPN恥M／watersolutionsbyvisualobservation・The吼ofPEO  

SamPleswere290，000andl，000，000・FromthediagramS，theflatLCSTcurveWaSObserved  

andtheLCSTwasdetemined3lOC．TherewasanendothemicpeaknearPhaseseparation  

temperaturebyDSCmeasurementthatshowedthedefbrmationofhydrogenbondsbetween  

PNⅡ仏Msandwatermolecules．Theaggregationduetotheformationofnonpolarandinter－  

molecularhydrogenbondsplayedanimportantrOleinphaseseparationbyviscosity，Sedimenta－  

tion，andlight－SCatteringstudies．Theorderinge鮎ctofhydrogenbondsbetweenamidegroups  

onPNIPAMchainandwatermoleculeswasweakeningasthetemperaturewasraised，thenthis   

e飴ctcontributedthestabilityofthetwo－Phasesystem・   

Inthelatterhalfof1980s，thestudyofphaseseparationinPNIPAMsolutionsbeganto  

thrive．S．Fttjishigeetal．［11］wasdeteminedthephaseseparationtemperatureofaqueoussolu－  
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tionsofPNIPAM，Poly（Nlisopropylmethacrylamide）（referredtoasPNIPMAM），andmethy1－  

Cellulosebydynamiclightscatteringmeasurement・InthecaseofPNIfAM，Phaseseparation  

WaSbothsharpandthermOreVerSiblecomparedtoPNIPMAMandmethylcellulose・Thephase  

SeParationtemperaturewas3lOC，thenitdidn，talmostdependonboththemolecularweight  

andtheconcentration・Therewasacoi1－globuletransitionnear3lOCbystaticlightscattering  

measurement・ThentheysuggestedthemolecularmeChanismofphaseseparationinaqueous  

PNIfAMsolutionsthattheinitialstageofphaseseparationwasthecoil－globuletransition，this  

isthenfbllowedbytheonsetofaggregationofisopropylgroupsonthesurfaceofglobular  

Particlesbyhydrophobicinteraction．   

In1990s，K・C・Thmetal．［12］alsosuggestedthemolecularmeChamismbyrheologicalmea－  

Surement・Astemperatureincreasedfrom200Cto400C，theviscositydecreasedunti1280C  

（RegionI），thenincreasedsharplyfrom280Cto3lOC（RegionII），decreasedagain（Region  

III）・TheyexplainedthisbehaviorthatatRegionI，the”watercage”surroundingtheisopropyl  

groupsinPNIPAMswasdisruPtedbytheBrownianmotionofthemolecules，thustheinterac－  

tionbetweeneachisopropylgroupwasstronger；atRegionII，theviscositywasincreasedbythe  

aggregationofeachisopropylgroupleadingtoanaPParentincreaseinmolecularweightnear  

LCST；inRegionIII，PNIfAMchainsformedcolloidalparticles．C．％etal．［13］studiedthe  

COi1－globuletransitionofPNmMchaininthedilutesolutionbylaserlightscatteringmeasure－  

ments・Theyreportedthatthemechanismofphaseseparationcouldbedividedintotwosteps－  

PNIPAMchainfirstcollapsedandglobulewasfbrmed，thentheglobuleswereaggregatedeach  

Other．  

In2000s，Azevedoetal・［14］measuredthecloudpointsandspinodalpointsonthetempera－  

ture－COn？entrationplaneinPNIfAM（ML，＝615，000）／watersolutionsbylaserlightscattering・  

ThecloudpointcurveWaSVeryflat，thusitdidn，talmostdependontheconcentration．The  

SPlnOdalcurve，however，dependedontheconcentrationinthedilutereglOn・Thecloudpolnt  

andspinodalpolnttemPeratureSWere320Cand33－50OC，reSPeCtively．Theyalsostudiedthe  

PreSSureeffbctsofcloudpolntandspinodalpolnt・Thecloudpolnttemperatureincreasedas  

PreSSureincreased・TheoppositewasobservedforthesplnOdalpolnttemPerature・Thecloud  
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pointtemperaturedidnotincreaseatmorethan400MPa・L・RN・Rebeloetal・［15］measured  

thecloudpolntSOnthetemperature－PreSSurePlane・Thecloudpointcurvewasaconvexcurve  

andthepressuredependencewasnegligibly・A・Milewskaetal・［16］alsostudiedthemolecular  

dependenceofcloudpoint・Thecloudpointdidn，talmostdependonthemolecularWeight  

exceptinthecaseoflowMw＝14，400・   

AqueousSolutionsofPoly（EthyleneOxide）   

ThereareSeVeralstudiesofphaseseparationinPEOsolutions・   

In1950s，G．N．Malcolmetal．［17］madethephasediagramsofthecloudpointsonthe  

temperature－COnCentrationplaneinPEO／WaterSOlutionsbyvisualobservation・TheMnofPEO  

samPleswere3，000and5，000・Fromthephasediagram，thereweretwophaseseparationre－  

glOnS－OneWaSClosed－loqptypeatlowconcentrationandhightemperature，andtheother  

wasdometypeathighconcentrationandlowtemperature・ThephaseseparationreglOneX－  

pandedathighML．TheLCSTofMk＝3，000and5，000sampleswere1700Cand1300C，  

respectively．Theyalsoobservedcloudpointsinpoly（PrOPyleneoxide）（reftrredtoasPPO）  

（吼＝400）／WaterSOlutions．TheLCSTcurvesofPPOsamPleswereveryflatcomparedtoPEO  

Samples。   

In1970s，S．Saekietal．［5］alsomeasuredthecloudpointsinPEO（叫7＝2，180－1，020，000）  

／Waterand／t－butylacetatesolutions．ThemolecularWeightdependenceofLCSTandUCST  

hadthe．sametendencyofMalcolm’sstudy．InthecaseofPEαt－butylacetate，if叫1WaS  

morethan719，000，thephaseseparationreglOnmadehourglasstype・Theyalsostudiedthe  

pressuredependenceofLCST（dT／dP）c・（dT／dP）cinPEO（Mq＝1，020，000）ルaterand  

／t－butylacetateoverthepressurerangeofO－50atmwereO・004，0・4－0・60C／atm，reSPeCtively，  

thus，inthecaseofPEQ／water，thepressuredependenceofLCSTwasnegligibly・   

In1980s，G．Karlstrom［18］calculatedthephasediagramOfPEQ／watersolutionsbyusing  

theFlory－HugglnStheorywithfbcusonthechangeOfgauche－tranSOrientationarOundtheC－C  

bondandC－Obond．TheagreementwithSaekietal’sexperiment［5］wassemiquantitative・  
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In1990s，A．Matsuyamaetal．［4］calculatedthephasediagramofPEO／waterwithfbcus  

onhydrationbetweentheoxygenatomsonPEOchainandwatermolecules・Thedetailofthis  

studyhasalreadyshownintheprevioussection・Theoreticalcalculationfittedverywellthe  

experimentaldatabySaekietal・Thus，thephaseseparationinPEQ／waterwascausedbyhy－  

dration／dehydration．K．Thsaki［19］showedthismechanismbymoleculardynamicssimulation  

thataPEOchaintookaloosehelicalconfbrmation（11／2helix）inaqueoussolution，Whose  

Pitch（巴1・7nm）justfittedthesizeofawatermoleculeforadsorptionbyhydrogenbonds  

throughthetwohydrogenatomsonawatermolecule・   

1．3．2 PhaseSeparationinAqueousSolutionsofHydrophobical1yModi・  

fiedⅥbter・SolublePolymers   

E．Alamietal．［20，21，22］measuredthecloudpointsinaqueoussolutionsofhydrophobica11y  

end－CaPPedpoly（ethyleneoxide）（reftrredtoasHM－PEO）byvisualobservation．Theend  

groupsofalkylchainwerefiⅩedaトC12H25・ThemolecularWeightdependenceofcloudpoint  

WaSthatthecloudpointshif［edtolowertemperatureasthemolecularWeightofPEOwas  

lower．ThedropofthecloudpointtemperaturewasqpproximatelylOOOCifPEOwasintroduced  

alkylchainsatbothendsofPEO．TheyalsoshowedthemechanismofassociationinHM－PEO   

ChainastheconcentrationofHM－PEOwasincreased．（1）Atanimitialcriticalconcentration   

Cl，alkylchainsbegantOaSSOCiateeachotherwithaverysmal1aggregationnumber．The  

aggregationnumberwaslargeraStheconcentrationwasincreased．（2）Atcmc（Criticalmicelle  

COnCentration），hydrophobicmicrodomains，Ormicelleswerefbrmed，butthreedimensional  

netwo止swerenotformedbynosignificantenhancementoftheviscositywasobserved．（3）  

Theviscosityisslgmi点cantlyincreasedduetotheoverlqpoftheaggregatesatCq・Aorder－  

disordertranSitionwasinducedbyafurtherincreaseinconcentration．（4）Atabout50％，1arge  

aggregateswerefbrmedinwhichthesphericalmicellesareOrganizedinacubiclattice．   

RKqjawaetal．［23，24］studiedphaseseparationinaqueoussolutionsofhydrophobically  

modifiedpoly（〃－isopropylacrylamide）（referredtoasHM－PNIfAM）with－C16H33bylight   

SCatteringmeasurement．The耽OfPNIPAMwaschangedfrom12，400g／molto49，000．From  
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thephasediagramOnthetemperature－COnCentrationplane，thecloudpointshiftedtolowertem－  

PeratureaSthemolecularWeightwassmal1erortheconcentrationofPNIfAMwasincreased．  

ThetendencywassameasHM－PEOsolutions．ThedropofthecloudpolnttemPerature，how－  

everwasaboutonly5，100CifalkylchainwasintroducedatbothendsofPNIfAM・Theyalso  

deteminedthecoil－globuletransitiontemperature（TM）byDSCmeasurement・TheTMWaS  

higherthanthecloudpoint，thus，theysuggestedthemechamismofphaseseparationastem－  

Peratureincreased．（1）Atroomtemperature（15－200C），POlymerchainsassociatedinthefbrm  

Ofnoninteractingflowermicelles．Aflowermicelleconsistedof16－27HM－PNIMchains，  

PNIPAMwashydrated．（2）Atthecloudpoint，theflowermicellesassociatedviatheintemiー  

Cellarbridgechains．（3）AtTM，PNIfAMchainsweredehydrated，andcollqpse・Themicelles  

aggregatedeachotherfbrrmngmesoglobuleswithlargeassociationnumber・   

ThegroupofYEinaga［25，26，27，28，29］measuredthecloudpointsinaqueoussolutions  

Ofdiblockpoly（ethyleneoxide）－alkylchainasthelengthofPEOoralkylgroupswerechanged．  

ThecloudpointtemperatureshiftedtolowertemperatureandthemicellarSizebecamelargeras  

themolecularWeightofPEObecamesmalleroralkylchainbecamelarger．Theuppercritical  

SOlutiontemperature（UCST）wasalsoappearedinlonglengthofalkylgroup．   

ELaBecheetal．［30，31］studiedthephasebehaviorinthemiⅩtureOfHM－PEOandsingle  

end－CaPPedPEO（assurfactant）bystaticanddynamiclightscatteringandrheologicalmea－  

SurementS．HM－PEOandsingleend－CaPPedPEOhadthesamehydrophilic－1ipophilicbalance  

（HLB）．Cloudpointshiftedtolowertemperatureastheweight丘・aCtionfincreased．TheHM－  

PEOandsurfactantfbrmedmicelles，thenu血berofthehydrophobicgroupspermicelleswas  

independentoftheweight丘actionfofHM－PEO．Theexclude－VOlumeinteractionbetweenmi－  

ce11eswasreducedbutthemolarmaSSandhydrodynamicradiusofmice11ewasnotchanged  

asthetemperatureincreased・FromdleOlogicalstudy，thefbrmationofatransientnetworkof  

bridgingmicellesthatenhanCedtheviscosityplayedanimportantroleinthemechanicalprop－  

erties．Atransitionfromsoftgeltohardgel（nonfl0winggel）appearedatthedenseregimedue  

tothejamOfclosepackedmicelles．Thistransitionshowedstronglytemperaturedependentbut  

almostindependentofthefractionf．  
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1．3．3 PhaseSeparationandGelationinReactiveSolutions   

Q．Tfans－Congetal・［32］observedthechangeofcrosslinkingstruCtureandmorphologyasuト  

travioletirradiationtimechangedinthecaseofstyrene－Chloromethylstyrenecopolymerand  

poly（Vinylmethylether）（refbrredasPVME）werecrosslihkedviadimerizationofanthracene・  

Inthisexperiment，itwasreportedthatthecross－1inkingreactionintherichPVMEblendpro－  

ceededfasterandinthecaseofthesameratioofcopolymerandPVME，Phaseseparation  

occurredpreventingcross－1inkingreactionastimepassed．   

E．Girard－Reydetetal・【33，34，35，36，37］measuredtheconversion，gelationtime，and  

phaseseparationtimeinpolycondensationreactionofdiglycidyletherofbisphenoIAasepoxy  

monomerand4・4’－diamino－3，3’－dimethyldicyclohexylmethaneOr4，4’－diaminodiphenylsu1－  

foneasdiaminemonomerinTHForpoly（Vinylchloride）soIvent．Theyalsodrawtime－  

temperaturetransfbrmation（TTT）diagramofthecloudpoints，gelation，Vitrification，anddegra－  

dationbylightscattering，DSC，andrheologicalmeasurements．   

T∴Kyuetal．［38］studiedthedynamicsoftime－dependentphaseseparationinpolymer－  

izationsystem，COnSistingofcafboxylteminatedpolybutadieneacrylonitri1e／epoxyhnethylene  

dianilinebytime－reSOIvedIightscattenngmeasufement．Theyalsotheoreticallycalculated  

time－dependentphasediagraminthissystembytheirnewtheorycombiningtheCahn－Hilliard  

kineticsequation［39］andpolymerizationkineticsandthesolutionmovedgraduallyfromthe  

metastabletotheunstablereglOnduetothatthenucleationtookplaceinitial1yinthemetastable  

reglOnandthencrossedovertothesplnOdalreglOnCalled”nucleationinitiatedspinodaldecom－  

POSition（NISD）”．   

A・Pontonetal．［40］measuredthegelationtimeinthetypicalpolycondensationsystem－  

Si（OMe）4／MeO町H20byrheologicalmeasurementsaccordingtotheWinter，scriterion［41，  

42］・ThegelationtimeちdecreasedwithanincreaseofimitialconcentrationofSi（OMe）40r  

hydrolysismolarratio，thenちWaSWell－describedbyapowerlow．Anapparentactivation  

energyE。WaSdeteminedfromtheちWithtemperatureTusingtheequation［43］lnち＝lnC＋  

E。／RT（WhereCwasaprefactor，Rwasthegasconstant，reSPeCtively）．E。WaSindependentof  

theimitialmonomerconcentration．  
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S．Sakkaetal．［44］studiedphaseseparationandgelationatequilibriumcondition（termi－  

natedreaction）inthetypicalpolycondensationsystem－Si（OEt）4仲tO印H20withthechange  

oftheternaryratio・FromthetriangularPhasediagram，theydividedintosixreg10nSWithfbcus  

Ontheshapeoffibrousgel．   

M．Ohkuraetal．［45，46］studiedthegelationratethatwasreciprocalgelationtimeinat－  

acticpoly（Vinylalcohol）inamixtureofdimethylsulphoxideandwaterbybal1－dropping  

method・Theyexpressedthegelationrateasacombinationoftemperature－dependentfunction  

andconcentration－dependentfunction．   

J．WChoetal．［47］studiedthegelationmechanisminpoly（Vinylidenefluoride）gelsinγ－  

butyrolactone・Theysuggestedthatgelationwascausedbyliquid－1iquidphaseseparationfrom  

theformationoftransparentgel・Theyalsoestimatedthecriticalpolymerconcentrationforgel  

formation．  

S．Maletal．［48，49，50］studiedthegelationprocessinthermOreVerSiblepoly（Vinylidene  

fluoride）（refbrredtoasPVF2）gelswithfbcusontheformationofcrysta11ite・TheX－raydi取ac－  

tionpatternSOfthedriedgelsindicatedthatαCryStalliteswereformedinthegelprocess・They  

estimatedtheheatofreactiontoproducelmolofcross－1inksapplyingtotheEldridge－Ferry  

equation［51］，thentheyshowedthattherewereaboutthreetosixcrystallitespercrosslinkin  

thegel．Theirresultwascomparedtothepercolationtheory［52，53］inthree－dimensiona11attice  

andthenucleationrateequation［54］，thentheyconcludedthatgelationrateofPVF2WaSgOOd  

agreementwiththepercolationtheoryandthegelationprocesswasanucleation－COntrOlledpro－  

cesswithcrystallitespnmari1yactingpointsofcrosslink・  

1．4 0utlineofThisThesis  

Thepurposeofthisstudyisto（1）studyphaseseparationandthermOreVerSiblegelationin  

wateトSOlublepolymerandaqueousassociatlngPOlymersolutionsbydevelopingthermOdy－  

namictheoryofhydrationandhydrophobicaggregation，thistheorylSabletoapplytoreversible  

reactionsuchaspolycondensation，thus（2）血douttheprincipleofsol／geltransitioninvq）Our  
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pressurecontrolledpolycondensationsystem，（3）calculatetime－dependentphasediagramand  

conversiondiagramSOIvingrateequationsfbrconversionandreactivityinaqueousassociative  

andreactivesolutions・Thesetheoriesandpnnciplesaregeneraltheorieswhichareabletobe  

appliedtomorecomplexsolutions・   

Inchapter2，theauthortheoreticallystudiesthesolutionpropertiesinaqueouswater－SOluble  

polymersolutionsfbcuslngOnhydration・   

Inchapter3，theauthorstudiesthethermOdynamicpropertiesinaqueousassociatingpoly－  

merthatthepolymerstudiedinchapter2isemployedasmainchainintroducingvarioushy－  

drophobicgroups・TheauthorimprovethetheorylnChapter2consideringhydrophobicinter－  

actions．  

Inchapter4，theauthortheoretica11ystudiestheprinciplesthatsol／geltransitionpointshifts  

arti丘ciallybycontro11ingthevapourpressureofactivesoIvent．   

Inchapter5，theauthorsuggestsanewanalyticalmethodthattimedependenceofassocia－  

tionandreactionareShownbydynamicphasediagramssoIvingtimeevolutionequationsfrom  

thekineticpointofviewinpolymersolutions．  
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Chapter 2 

MolecularMechanismofSharpPhase  

SeparationinAqueousSolutionsof  

Tbmperature・SensitivePolymers  
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2．1Introduction  

Phasediagramsofwater－SOlublepolymersoftenexhibitpeculiarPhaseseparation・Forinstance，  

aqueouspoly（ethyleneoxide）（reftrredtoasPEO）solutionsshowclosed－loopphaseseparation  

region（miscibilityloqp）atintermediatetemperatures［1，2，3］・Themiscibilityloopexpands  

WiththepolymermolecularWeight，anditslowercriticalsolutiontemperature（LCST）叩－  

PrOaChesaninvertedthetatemperatureinthelimitofinfinitemolecularweight［2］．Thereisa  

COmPetitioninformlngPOlymer－WaterhydrogenbondsandwateトWaterhydrogenbonds．The  

hydrogen－bondnetworksinwaterare，however，nOtSOStrOnglnthetemperaturereglOnOfloop－  

Shapedphaseseparation（typicallylOO～2000C）thatindirectinteractionbetweentheneighbor－  

1ngWatermOleculesonachainviawaterhydrogen－bondn6tworkisexpectedtobeweak・The  

WatermOleculesaretherefbrenzndomb7andindqpendent＆adsorbedintothepocketsofthehe－  

1ices・Later，thepressuree鮎ctwasstudiedonthebasisofthesimi1arPicture［4］suchthatthe  

e鮎ctivenumberofhydrogen－bondingsitesalongapolymerchainisreducedbypressure・   

IncontrasttoPEO，Otherwater－SOlublepolymerssuchaspoly（NJisopropylacrylamide）（re－  

fbrredtoasPNIPAM）showveryflatLCSTbehaviorwhosecloud－POintlinesandspinodal1ines  

arehorizontalupto20wt％ofpolymerconcentrationandalmostindependentofthemolecular  

Weight［5，6，7，8，9］・Poly（PrOPyleneoxide）01igomersalsoshowsimi1arPhasebehavior［1］．  

Thephaseseparationreg10ntakesashq）elikethebottompartofasquare，SOthatinwhat  

fo1lowswerefertoitasmiscibilitysquaTe．Obviously，themiscibilitysquareCannOtbeex－  

Plainedbynlndbmadsorptionofwatermoleculesontoapolymerchain・But，ifweintroduce  

POSitivecorrelationbetweentheneighboringhydrogenbondsalongthepolymerchain，i・e・，if  

adsorptionofawatermoleculeontoasitenexttothealreadyadsorbedonelSPrefbrential，Phase  

SeParationmaytakeplaceinanarrowtemperaturereglOn・ForPNIfAM，itisinfactthecase  

becausethehydrogen－bondingsite（amidegroup）isblockedbyalargehydrophobicgroup（iso－  

PrOPylgroup）・Therandomcoilpartssharplyturnintocollq）Sedglobuleson叩PrOaChingthe  

Phaseseparationtemperature［6］，SOthathydrogen－bondingiseasierattheboundarybetween  
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anadsorbedwatersequenceandacollapsedcoil・Suchasterichindrancebyhydrophobiciso－  

propylsidegroupsisthemainonglnOfthestrongcorrelationbetweentheneighboringwater  

rnolecules・Thepurposeofthischapteristoshowtheoreticallythatfbrmationofsequential  

hydrogenbondsalongthepolymerchain，OrCOqPelWivehydlTltion，infactleadstomiscibil－  

itysquarebehaviorofaqueouspolymersolutionsbysocalleddominoqWct・Ⅵねcalculatethe  

＆actionOofboundwatermoleculesandtheiraveragecontiguouslengthんasfunctionsofthe  

temperatureandthepolymerconcentration，andderiveflatLCSTphasediagrams・Ⅵ屯compare  

theresultswiththerecentexperimentaldataonPNIfAMsolutionsbypaylngSPeCialattention  

tothemolecular－Weightdependence．  

2．2 Statistical・MechanicalTheoryofAqueousPolymerSolu・  

tions   

2．2．1FreeEnergyoftheModelSolutions   

ⅥねconsideramodelsolutioninwhichthenumberN10fpolymerchainswithdegreeofpoly－  

merization（reftrredtoasDP）naremixedwiththenumberNbofwatermolecules．Wbarebased  

Onthelattice－theoreticalpictureofpolymersolutions，anddividethesystemvolumeVintocells  

ofsizea，eaChofwhichcanaCCOmmOdateeitherawatermoleculeorastatisticalrepeatunit  

Ofthepolymer．Ⅵ屯assumeincompressibilityofthesolution，SOthatwehavef2＝Nb＋nNl，  

wheref2≡Tqa3isthetotalnumberofcells．Tbdescribeadsorptionofwater，1eti≡（il，i2，…）  

betheindexspecifyingthepolymerchaincarrylngthenumberl［Ofsequencesthatconsistof  

arunOfhydrogen－bonded［consecutivewatermolecules，andletN（i）bethenumberofsuch  

POlymer－WaterCOmPlexeswhosetypeisspecifiedbyi（SeeFigure2・1）・Thetotalnumberof  

WatermOleculesonachainspecifiedbyiisgivenby∑li［，andtheDPofacomplexisgiven  

byn（i）≡n［l＋0（i）］，Where  

碍）≡手管  
（2．1）   
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○  

○  

0  0   
○  

Figure2・1：Sequentialhydrogenbondsformedalongthepolymerchainduetothecooperative  

interactionbetweentheneareSt－neighboringboundwatermolecules・Thetypeofpolymer－  

waterassociatedcomplexisspecifiedbytPeindexj≡（jl，j2，…），Wherej［isthenumber  

ofsequencesthatconsistofarunOfhydrogen－bonded（COnSeCutivewatermolecules・The  

averagelengthofsequencessharplyreducesastemperature叩PrOaChesLCST丘ombelow・The  

random－COilparts（thincircles）areCOllq）SednearLCSTl  
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isthe丘actionoftheboundwatermoleculescountedrelativetotheDPofapolymer・Then，the  

＆eeenergyOfmixlnglSglVenby  

β△ダ＝‰1叫い∑Ⅳ（i）1n㈱・β∑叫i州）・ガ¢（ト¢）n， （2・2）  

i 1  

whereQ（i）≡n（i）N（i）／f2isthevolume丘actionofthecomplexi，‰isthenumberof血・eewater  

moleculesinthesolution，and¢fw≡％／nistheirvolumefraction，AA（i）istheconfbrmational  

＆eeenergytofbrmaCOmPlexofthetypeimeasuredrelativetothereftrenceconfbrmation  

io≡（0，0，…‡wherenowatermoleculeisadsorbed．Thetotalvolumeofthesolutionisnow  

Writtenasf2＝∑in（i）N（i）＋‰・ThenumberdensityofthecomplexesspeciRedbyiisgiven  

byv（i）＝N（i）／fL   

Ⅵ屯nextderivethechemicalpotentialfbrthefreewaterandfortheassociatedcomplexby  

di鮎rentiatingthefreeenergy．恥find  

＝1＋1叫知－㍉＋加2  β勾‰＝  （2．3）  

forthefreewater，and  

＝1＋β△A（i）＋1nQ（i）－n（i）vS＋x［n（1－¢）＋nO（i）¢－n（i）¢（1－¢）］（2．4）  βJ叫（i）＝  

fortheassociatedcomplexofthetypei，Where  

㍉≡γ飯十∑γ（i）  

1  

isthetotalnumberofmoleculesthatpossesstranslationaldegreeoffreedom・  

（2．5）  

2・2．2 EquilibriumConditionsandNumberofBoundⅥbterMolecules   

Wtassumetheassociationequilibriumandgivetheconditions  

J叫（i）＝勾J（io）＋乃β¢）和知  （2．6）  

tofindtheequilibriumdistributionofassociatedcomplexes・Then，Wefind  

γ（i）＝鞄（i）γ（io）¢慧i）  
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fbrthenumberdensltyOfthecomplexesspecifiedbyi，Where  

exp［nO（i）－βAA（i）］  
粘（i）≡   （2．8）  

1＋釈i）   

istheassociationequilibriumconstant・Thetotalpolymervolumefraction¢isthengivenby  

¢＝¢（io）go（¢知），  （2．9）  

andthetotalvolume丘actionofwaterisglVenby  

（2．10）  1－¢＝¢知＋¢¢0）gl（¢知）・  

Here，neWfunctionsgb′）aredefinedby  

gob）≡∑研がβ0），  
1  

glα）≡∑β（i）瑚）γ瑚）  

1  

ThesecoupledequationsshouldbesoIvedfbr¢（io）and¢fwtO丘ndtheclusterdistributionfunc－  

tionintermSOfthepolymervolumefractionandthetemperature・Uponeliminating¢（io），the  

SeCOndequationistransfbrmedto  

（2．13）  1－¢＝¢飯＋¢G（¢知），  

WherethefunctionGisdefinedby  

glbウ ∂1ngo（カ  
（2．14）  G（γ）＝  

gob′） 乃∂1n）′  

Thetotalnumberl㍉offreewatermoleculesandassociatedcomplexisgivenby  

㍉＝毎＋空．                                            乃  （2．15）   

FromtheGibbs－Di払emrelationfbrthe丘eeenergyofmixingf≡AF／E2＝¢紬Ap知＋  

∑v（i）AFL（i）withhelpofthereactionequilibriumconditions，We丘nd  

（2．16）   ′＝血＋ムs，  
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Where  

脆（¢，r）＝（1－卵h（ト¢）＋1叫＋畑1－¢）  
柁   

istheusualFlory－HugglnSrmXlngfreeenergy，and  

空空虚 
仏拍，r）＝1n ＋（1－紳・1－¢－れ  

乃  ¢  

（2．17）  

（2．18）  

istheadditional丘eeenergyduetohydrogenbondingassociation．ThispartCanbewrittenin   

thefbm  

1－¢G（¢知）  
弘s（¢，r）＝一1ng。（れ）＋0一々）1n  

乃   
＋¢G（¢知）  （2．19）  

1－¢  

bythesubstitutionoftherelations（2・9）and（2・10）・   

Thefreeenergyofassociationcanberegardedastherenormalizationofthex－Parameter．   

Theoriginalx－ParameterduetovanderⅥねalstypecontactinteractionismodi丘edtox＋4xby  

hydrogen－bondingassociation，Wheretherenormalizationpart  

A丘s（¢，r）  
（2．20）  4γ（¢，r）≡   

¢（1－¢）   

dependsonthepolymerconcentrationinacomplexway．Theqppearanceofpeculiar－Shaped  

PhaseseparationreglOnSOnthephaseplaneoriginatesinthiseffectiveinteractionterm．   

AnattempttoderivethephasediagramOfPNIfAMsolutionbyuslngefftctiveinteraction  

ParameterXeff（T，¢）wasmadebyBaulinandHalperin［10】。Theyused，however，anemPir－  

icalpowerexpansionfbrmulabyAfrozeetal．［11］withmanynumericalcoe伍cients，Whose  

molecularonglniscompletelyunknown．Althoughouraboverenormalizationformuladueto  

hydrogenbondingdependsimplicitlyupontheconcentration，WeCaneXPanditinpowerseries  

inthedilutereglme，anddirectlycomparetheresultwiththeexperimentalmeasurementsonthe  

SeCOndvirialcoe伍cientoftheosmoticpressure．Wtwilldiscussthispointinthefinalsection  

Ofthischq）ter．  

37   



2．2．3 SpinodalConditionandOsmoticPressure   

Theosmoticpressure7rCanbefbundbythethermOdynamicrelation7ra3＝－AIJfbandisglVen  

by   

〆＝伽＝－ト1n［1十¢G（転中一¢－¢G（¢か冨ト¢2， （2・21）  

ByexpandingthefunctionG（カinpowersoftheconcentrationasGb7）＝Go＋Gl¢＋‥・，We  

findthesecondvirialcoe臨cientinthefbrm  

A2＝（1＋Go）2－ガ，  （2・22）  

whereGoisthevalueofGb7）inthelimitofinfinitedilution・   

ThesplnOdalconditionisfbundbydifferentiatlngtheosmoticpressureoncemorebythe  

concentration．Ⅵねfind  

1  

・一桁0，   
扁   

（2．23）  

Where  

［1＋G（れ）】2（1－¢）  
（2．24）   〟（¢）≡   

［1＋¢G′（¢知）】¢知  

givesthee飴ctofhydration。Thevolumefraction¢fwOffreewaterisassumedtobesoIvedas  

afunctionofthetotalpolymervolumefraction¢andsubstitutedintothisfunctionK・HenceK  

isregardedasafunctionof¢・   

2．2．4 CooperativeHydration   

Letusnowproceedtothestudyonthemodelsofassociation・Ifwatermoleculesareindepen－  

dentlyandrandomlyhydrogenbondedontothepolymerchain，aSWaSStudiedpreviously［12］，  

theindexicanbereplacedbythenurhbermoftheboundwatermolecules，andKh（i）isreplaced  

byKL＝（1＋m／n）nCmFLm，WherenCm＝n！／m！（n－m）！isthenumberofdi鮎rentwaystochoose  

mhydrogenbondingsites丘omthenumbernofthetotalavailablesites，andFL（T）≡eXP（－TPAjh）  

istheassociationconstant（Ajhbeingthefreeenergyofonehydrogenbond）・Thefunctionsap－  

pearinginthermOdynamicpropertiesaregivenbygo（γ）＝（1＋y）n，gl（y）＝y（1＋y）n－1and  
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GO，）＝y／（1＋y），Wherey≡PQfwisthereducedconcentrationofthefreewater・Allresults  

reducetothosefoundinourpreviousstudyonphasediagramsofPEOsolutions［12］．   

Now，letusmoveontocooperativehydration・Theequilibriumconstantismostgenerally   

written as 
乃  

柑i）＝山（i）H扉，  
r＝1  

（2．25）  

Where  

（乃－∑g絢）！  
山（i）≡   （2．26）   

ngり［乃－∑g（g＋1）吊！  

isnowthenumberofdi鮎rentwaystoselectsequencesspecifiedbyiffomachain，andq（1S  

thestatisticalweightforasinglewatersequenceofthelength（formedonareftrencecoil【13］．   

SincesummlnguPallpossibletypesiintheabovefunctionsismathematicallydi凪cult，We  

replacethesumbythecontributionffomthemostprobabletypei＊（one－mOdeqpplmimation）．  

ThenecessaryfunctionsarethenglVenby  

乃  

gob）＝叫＊）H（w坪，  
g＝1  

（2．27）  

andglb）＝0（i’）gob7），andGb′）＝0（i＊）．ThefunctionGreducestothecoverageOofthebound  

Waterinthetypei＊．   

Themostprobabletype，OrSequenCedistribution，CanbefbundbyminimlZlngthe丘ee  

energyムsbychangingi，i・e・，bythecondition弧s／∂j［＝0・Wt丘ndthatitisgivenby  

竺＝（1－の嘲r， 乃  （2．28）  

Whereqisdefinedbytheequation  

留≡（1－¢－β¢）rexp【虎（β，¢廿   （2．29）  

Here，thefunctionR（0，¢）≡0¢／（1－¢－0¢）givestheratioofthetotalnumberofboundwater  

moleculestothatofthefreeones・Theparametertisgivenbyt≡1－V／（1－0）．Substituting  

thisdistributionfunction（2．28）intothedefinitionsofOandv，We丘nd  

β（曾）＝【1－β（曾）】f（曾）Ⅵ（ヴ）  
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and  

γ（曾）＝［1－β（曾）］J（曾）鴨（曾），  （2・31）  

andhence   

（2．32）  J（留）＝  

1＋鴨（曾）●  

HerenewfunctionsVaredefinedby  

鴨（留）≡∑昭g，and  
g  

Ⅵ（曾）≡∑拘留g・  

r  

Now，Oandtmustberegardedasfunctionsofq，SOthatEq・（2・29）isanequationfbrtheunknown  

VariableqtobesoIvedintermSOftheconcentration¢・   

TheKfunctioninourspinodalconditionEq・（2・23）nowtakesthefbrm  

1＋（1－の卯  
（1＋の2（1＋の，  （2．35）  〟（曾；¢）＝   

1＋（1－のが2   

Where  

e（曾）≡β（曾卜【1－β（曾）］ん（曾），   

and  

細≡  

beingtheweight－aVerageSequenCelengthoftheboundwat   

（2．36）  

（2．37）   

Ourstrategyisthereforeasfo1lows．Ⅵ厄firstsoIveEq・（2・29）fortheunknownqfbragiven  

concentration¢andtemperatureT，andthenfindO，Vandtasfunctionsofthem。Wbthen  

SubstitutetheresultintothefunctionK（q；¢）tofindthespinodals・  

Inordertocarryoutcompletecalculations，WehavetospecifythestatisticalweightTl（・  

Tbdothis，WeemPloythesimplestfbrmPrOPOSedbyZirrmandBragg［14］forthestudyof  

COi1－tO－helixtranSitionofbiopolymers，i．e．，  

（2．38）   牝＝叩（r）r・  

40  



Thefrontfactorqgivesthestatisticalweightforaboundarybetweenahelixandacoil（a  

hydratedsequenceandacollapsedrandomcoilinthepresentcontext），andiscalledcoqp－  

enztivityPaTtlmeter・Inthecaseofrandomadsorptionwherethereisnointeractionbetween  

theadsorbedwatermolecules，itisglVenbyo－＝1andthemodelreducestoourprevious  

one［12］．LetAh≡E－TAsbethefreeenergyofahydrogenbond，andletAEbetheinter－  

actionenergybetweentheneareSt－neighboringboundwatermolecules・Thestatisticalweight  

IJ（T）＝eXP［ザ（Ah＋AE）］（Calledassociationconstant）includesbothhydrogen－bondingfree  

energyandtheneareSt－neighborinteractionenergy，andthecooperativityparameterisglVenby  

J≡eXp（－ザIA亡l）・   

Eq．（2・29）todecideqnowtakestheform  

1－¢－β（曾）¢  
（2．39）  exp【尺（β，¢）］，   曾＝〃（r）   

1＋叩Wo（曾）  

whereFLqlSWrittenasqfbrsimplicity・ThecoverageObyboundwatermoleculesisglVenby  

J甘Wl（留）  
（2．40）  β（曾）＝   

1＋叩Wol（ヴ）●  

Here，functionswaredefinedby  

wo（ズ）≡∑〆●1，and  
r  

wl（カ≡∑〆十  

g  

andwol（x）≡Wo（x）＋Wl（x）．Theaveragesequencelengthisgivenbyん＝Wl（q）／wo（q）・   

2．3 NumericalResultsandComparisonwiththeExperiments  

Fornumericalcalculationofthephasediagrams，WefixthenecessaryParameterSinthefo1－  

lowingway．WtfirstassumetheconventionalSchultz－FloryformX（T）＝1／2－¢Tforthe  

X－Parameter［15］，WhereT≡1－00／Tisthereducedtemperaturedeviationmeasuredfromthe  

reftrencethetatemperatureOosatisfyingx（00）＝1／2，and¢isamaterialparameterOforder  

unlty・AtthetemperatureOo，thesecondvirialcoe臨cientofahypotheticalFlory－HugglnSSOlu－  

tionwithouthydrogen－bondinginteractionvanishes・Theassociationconstantisthenexpressed  
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asFL（T）＝FLoeXP（JE＋AEI／kBT）＝JJoeXP［γH（1－T）］，WhereFLogivestheentropypartOfthe  

binding丘eeenergy，andγH≡lE＋AEl／kBOogivesthebindingenergymeasuredrelativetothe  

thermalenergyatthereferencethetatemperature・TherefbrencetemperatureOoisnotthetrue  

thetatemperatureOatwhichthesecondvirialcoe疏cientoftheosmoticpressurevanishes・The  

latterliesfarbelowOo．Throughoutthepresentnumericalcalculation，We丘x¢at¢＝1．0，  

andchangetheamplitudeFLo，dimensionlessbindingenergyγ＝，andthecooperativeparame－  

terq・Inparticular，Weareinterestedinthee鮎ctofthecooperativityparameterO・andsee  

howthebottompartOfthemiscibilitysquarebecomesflatterwithdecreaseincr，Orincreasein  

COOPerativity．   

Inordertochecktheaccuracyofone－mOdeapproximation，WefirstcompareneWreSulton  

thephasediagramSOfrandomiyhydratedpolymersou＝1・Owiththeoldcalculation［12］・Figure  

2・2plotsthetwospinodallinesontopofeachotheriSolidlinesarecalculatedbyone－mOde  

approximation，WhilethebrokenlinesareCalculatedbytakingintoconsiderationa11possible  

randomplacementofwatermoleculesdiscussedintherefbrence［12］・Wtcanseethattheone－  

modeapproximationissu臨cientlyaccuratefbrn＝100・ThelargerthevaluesofDRthebettef  

theapproximationbecomes．   

2．3．1CoverageoftheBoundⅥbter   

Figure2・3showsthedehydrationcurveS，i・e・，thecoverageOofapolymerchainbyhydrogen－  

bondedwatermoleculesisplottedagainstthetemperature・ThecooperativeparameterUis  

changedfromcurvetOCurve・Dehydrationofboundwatertakesplacenearthephaseseparation  

temperature，andbecomessharperwithincreaseinthecooperativity・   

Figure2・4showsthefractionOoftheboundwatermoleculesplottedasfunctionsofthe  

temperaturefbrthreedi鮎rentpolymerconcentrations・Fromthisfigure，hydrationisalmost  

independentofpolymerconcentration，SOWeCantreathydrationasslnglechainproblem・Wb  

CanfindtheenthalpyAHofdehydration・If打action－AOisdehydratedbyasmalltemperature  

riseAT，theabsorptlOnOfheatisglVenby  

】亡＋∂亡l¢△β  

（2．43）   △ガ＝   

〟  
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Figure2．2：Comparisonofthespinodallinesderivedbythecompletecalculation（brokenlines）  

andbyone－mOdeapproximation（SOlidlines）・  
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Figure2・3：ThecoverageOofapolymerchainbyhydrogen－bondedwatermoleculesplotted  

againstthetemperature・ThecooperativeparameterO・ischangedfromcurvetOCurve・Dehy－  

drationofboundwaterbecomessharperwithincreaseinthecooperativity（decreaseinu）・  
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volumefractionsforn＝100．  
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ItshowsapeakatthetemperaturewhereOchangesmostsharply，1・e・，atthephaseseparation  

temperature・Thepolymerchainsco11apseintocompactglobulesassoonasboundwateris  

dehydrated．  

2．3．2 PhaseDiagrams   

Letusmoveontocooperativehydration・Figure2・5calculatedthespinodalcurvesfordifftrent  

COOPerativeparameterCrWithfiⅩedotherparameterS・Ittheoreticallydemonstrateshowthe  

bottompartOfthemiscibilitysquaresbecomeBatterwithdecreasein‘丁・Inthecalculation，  

usualmiscibilitydomeswithUCSTappearatlowtemperature，butthesearenOtObservablein  

theexperimentsbecauseofthefreezlngOfwater・Forthepolymerconcentrationhigherthan  

¢＝0．5，Ourtheoreticaldescriptionbecomespoorbecauseofthedepletionofwatermolecules，  

i．e．，thenumberofwatermoleculesbecomesinsu臨cienttocoverthepolymers．  

2．3．3 ComparisonwiththeExperimentsontheSpinodalCurves   

Figure2．6comparestheoreticalcalculationwithexperimentaldata［7］onthespinodalpoints．  

Intheexperiments，theupperpartofthemiscibilitysquarecannOtbeobservedbecausetemper－  

atureistoohigh・AIso，UCSTphaseseparationseeninthetheoreticalcalculationisnotobserv－  

ablebecauseofthe丘eezlngOfwater．Thepolymermolecularweightusedintheexperiment  

isMw＝615，500，SOthatthenominalnumberofmonomersisroughlyglVenbyn＝5，400．  

AlthoughpolymersusedintheexperimentarePOlydispersewiththeindexMJ吼＝2．04，We  

expectthatthismaynotcauseanyseriousproblemsbecausethedq）endenceofbinodalsaswell  

asspinodalsonthepolymermolecularWeightbecomesweakerwithincreaseincooperativity  

inhydration・Sincethestatisticalunitusedinthelatticetheorymustberegardedasagroupof  

monomers，Wehavetriedtofitthedatabyn＝100andlOOO・（Theoreticalcalculationdoesnot  

dependsomuchuponthenumbernifitislargerthan500・）Wthaveseenagoodagreement  

by丘xingthecooperativeparameteratq＝0・3・Thereis，however，aSlightdiscrepancyinthe  

dilutereglme，i．e．，theoreticalcurvepredictsasharperbend・CloserexaminationontheYery  

dilutereglmefrombothexperimentalandtheoreticalviewpolntistherefbrenecessary．  
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Figure2・5：Spinoda11inescalculatedonthe（reduced）temperatureandconcentrationplanefor  

differentcooperativeparameterq・OtherparameterSarefixedatn＝100，ゆ＝1．0，ILo＝  

2・0×10－3，袖＝3・5・Thebottompartofthemiscibilitysquarebecomesflatterwithdecreasein  

thecooperativ畠factorq。  
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Figure2．6：PhasediagramSOfaqueousPNIPAMsolution・Experimentaldata（○）ofthespin’  

odalcurveiscomparedwiththeoreticalcalculation・TheDPofthepolymerisn＝100（SOlid  

line）andn＝1000（brokenline）．TheoreticalparameterSuSedisOo＝555andFLo＝0・002  

fbrn＝100，andOo＝565andFLo＝0・003forn＝1000・Otherparametersare触edat  

γH＝3．5，げ＝0・3。  
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2．3．4 MolecularWeightDependenceofLCSTandUCST   

TheleftpanelofFigure2・7presentsthetheoreticalplotsoftheLCSTandUCSTofhomopolyq  

rnerpEOsolutionsasfunctionsofthereciprocalDP（moreprecisely，thereciprocall／nofthe  

numberofstatisticalunitsonachain）・Therightpaneldisplaysthecorrespondingphasedia－  

gramsontheconventionaltemperature－COnCentrationplane・DCPisthedoublecriticalpoint  

wheretheLCSTandUCSTmergeintoasinglecriticalpolnt，thustheloopmergeswiththe  

miscibilitydomeatlowtemperatures，andtumsintohoulghzss．HCPstandsforthehypercrit－  

icalpointwherethephaseseparationreglOnOfloopshqpeshrinksintoonepoint・ForPEO，  

theDCPoccursatn＝1，800，WhileHCPtakesplaceatn＝42・ThedisqppearanCeOfthe  

loop（HCP）wasobservedexperimentallybySaekietal［2］inthecaseofpolymersoflower  

molecularWeight．   

Figure2・8isthesameaSinleftpanelofFigure2・7inthecaseofcT＝1・0，0・3・Forcoop－  

erativehydrationwithJ＝0．3，however，DCPdoesnotappear．HCPshif［stolowerDRandis  

Sh如edlikeanangularsquare・Fromthisfigure，itisevidentthatcooperativehydrationleadsto  

flatLCSTwithalmostnomolecularWeightdependence・   

2．3．5 0smoticPressure   

Letusnowstudythee飴ctofcooperativehydrationonthesecondvirialcoe侃cientEq．（2．22）of  

theosmoticpressurewithinonemodeapproximation．ThefunctionGb，）inthis叩PrOXimation  

isidenticaltothecoverageOoftheboundwaterlTherefore，thevalueGointhelimitofinfimite  

dilutionisgivenbyq）Whichcanbecalculatedbyusingthesolutionq。OfEq．（2．39）at¢＝0，  

1・e・†  

〟（r）  

（2．44）  曾0＝  

1＋叩OWo（恥）●  

Thecoverageisgivenby   

叩Olγ1（伽）  
恥＝  （2．45）  
1＋叩Ol仇1（恥）－  

Thisisessentia11yequivalenttoZimm－Bragg，sequation［14］fbrthesingle－Chainproblem．Fig－  

ure2・9plotsthesecondvirialcoe臨cientA2aSafunctionofthetemperature・Thecooperative  
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Figure2．7：UCSTlines（dottedlines）andLCSTlines（SOlidlines）ofhomopolymerPEOso－  

1utionsasfunctionsofn‾1，thereciprocalDP（left）．PhasediagramSOfPEOsolutions［2］onan  

ordinarytemPerature－COnCentrationplane（right）．TheDPofthepolymerischangedfromcurve   

tocurve．  
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Figure2・9：Thesecondvirialcoe伍cientA2Plottedagainstthetemperature。ThecooperatlVe  

ParameterJisvariedfromcurvetOCurve・ThereareinpnnciplethreethetatemperatureS  

whereA2Vamishes・TheonelyinginthemiddletemperatureisrelevantthetatemperaturetO  

WhichLCSTapproachesintheinfinitemolecularweight・  
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parametercrisvariedfromcurvetocurve・Thereareinpnnciplethreethetatemperatureswhere  

A2Vanishes・Theonelyinginthemiddletemperatureistherelevantthetatemperaturetowhich  

LCSTapproachesintheinfinitemolecularWeight・Withincreaseincooperativity，dehydration  

becomeSSharper，SOthatthe（negative）slopeofA2becomeslarger．  

2．4 ConclusionsandDiscussion  

Wthavetheoreticallystudiedphaseseparationinaqueouspolymersolutions・Bythecalcu－  

lationofphasediagrams，Wehaveconfirmedthatcorrelation，OrCOOPerativity，betweenthe  

neighboringwatermoleculesthatarehydrogen－bondedontothepolymerchainleadstoflat  

LCSTbehaviorwithonlylittlemolecularWeightdependence・Thephaseseparationexperi－  

mentallyseeninaqueousPNImMsolutionsfallsontothiscategory，andismarkedlydifftrent  

fromPEOsolutionswheremiscibilityloopswithUCSTandLCSTdependsensitivelyonthe  

POlymermolecularWeight・Fromthetemperatureprofileofdehydrationcurve，thesharpnessof  

thesingle－Chaincoil／globuletransitionisalsoexpectedtooriginateinthiscooperativity．The  

Pearl－neCklaceconformation（Figure2・1）drivenbythecooperativehydrationagreeswiththe  

recentmeasurementsofconcentrationfluctuationsinPNIfAMcross－1inkedgelsbyneutron  

SCatteringmethod［16］・Theyfoundnecklace－1ikemicrostruCturethroughthestudyofthestatic  

StruCturefactorprofi1eappearlngafterashallowquenchintothecollqpsedstate・Comparison  

betweensolutionsandgelsmayleadtomoreprofoundunderstandingofthetemperaturesensi－  

tivityofPNIPAMchains．  
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Figure2・9：Thesecondvirialco曲cientA2Plottedagainstthetemperature。ThecooperatlVe  

parameterqisvaried丘omcurvetOCurve・ThereareinpnnciplethreethetatemperatureS  

whereA2Vamishes・TheonelyinginthemiddletemperatureisrelevantthetatemperaturetO  

whichLCSTapproachesintheinfinitemolecularWeight・  

52   



parameterロ・isvariedfromcurvetocurve・Thereareinpnnciplethreethetatemperatureswhere  

A2Vanishes・Theonelyinginthemiddletemperatureistherelevantthetatemperaturetowhich  

LCSTapproachesintheinfinitemolecularWeight．Withincreaseincooperativity，dehydration  

becomesSharper，SOthatthe（negative）slopeofA2becomeslarger．  

2．4 ConclusionsandDiscussion  

Wehavetheoreticallystudiedphaseseparationinaqueouspolymersolutions．Bythecalcu－  

1ationofphasediagramS，Wehaveconfirmedthatcorrelation，OrCOOPerativity，betweenthe  

neighboringwatermoleculesthatarehydrogen－bondedontothepolymerchainleadsto且at  

LCSTbehaviorwithonlylittlemolecularWeightdependence・Thephaseseparationexperi－  

mentallyseeninaqueousPNIPAMsolutionsfa11sontothiscategory，andismarkedlydifftrent  

fromPEOsolutionswheremiscibilityloopswithUCSTandLCSTdependsensitivelyonthe  

POlymermolecularWeight．Fromthetemperatureprofileofdehydrationcurve，thesharpnessof  

thesingle－Chaincoil／globuletranSitionisalsoexpectedtooriginateinthiscooperativity．The  

Pearl－neCklaceconfbrmation（Figure2．1）drivenbythecooperativehydrationagreeswiththe  

recentmeasurementsofconcentrationfluctuationsinPNIMcross－1inkedgelsbyneutron  

SCatteringmethod［16］．Theyfbundnecklace－1ikemicrostruCturethroughthestudyofthestatic  

StruCturefactorprofi1eqppeanngaf［erashallowquenchintothecollapsedstate・Comparison  

betweensolutionsandgelsmayleadtomoreprofbundunderstandingofthetemperaturesensi－  

tivityofPNIPAMchains．  

53   



N
＜
J
＜
⊇
I
A
口
Z
O
U
国
S
 
 

っ
止
 
 

－
 

．
4
 
 

■
 

一0．6  
＿2．0  －1．5  －1．0  －0．5  0．O  

TEMPERATURET＝1－00／T  

Figure2・9：Thesecondvirialcoe疏cientA2Plottedagainstthetemperature・Thecooperative  

parameterqisvariedfromcurvetOCurve・ThereareinpnnciplethreethetatemperatureS  

whereA2Vamishes・TheonelyinginthemiddletemperatureisrelevantthetatemperaturetO  

whichLCSTapproachesintheinfinitemolecularWeight・  
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Parameterロ・isvaried丘omcurvetocurve・Thereareinpnnciplethreethetatemperatureswhere  

A2Vanishes．Theonelyinginthemiddletemperatureistherelevantthetatemperaturetowhich  

LCSTapproachesintheinfinitemolecularWeight・Withincreaseincooperativity，dehydration  

becomessharper，SOthatthe（negative）slopeofA2becomeslarger・  

2．4 ConclusionsandDiscussion  

Wthavetheoreticallystudiedphaseseparationinaqueouspolymersolutions・Bythecalcu－  

1ationofphasediagrams，Wehaveconfirmedthatcorrelation，OrCOOPerativity，betweenthe   

neighboringwatermoleculesthatarehydrogen－bondedontothepolymerchainleadstoflat  

LCSTbehaviorwithonlylittlemolecularWeightdependence．Thephaseseparationexperi－   

mentallyseeninaqueousPNI払Msolutionsfal1sontothiscategory，andismarkedlydiffbrent  

丘omPEOsolutionswheremiscibilityloopswithUCSTandLCSTdependsensitivelyonthe  

POlymermolecularWeight．Fromthetemperatureprofi1eofdehydrationcurve，thesharpnessof  

thesingle－Chaincoil／globuletransitionisalsoexpectedtooriginateinthiscooperativity・The  

Pear1－neCklaceconfbrmation（Figure2．1）drivenbythecooperativehydrationagreeswiththe  

recentmeasurementsofconcentrationfluctuationsinPNIfAMcross－1inkedgelsbyneutron   

SCatteringmethod［16］．Theyfbundnecklace－1ikemicrostruCturethroughthestudyofthestatic  

StruCturefactorprofi1e叩Peanngaf［erashallowquenchintothecollapsedstate・Comparison  

betweensolutionsandgelsmayleadtomoreprofbundunderstandingofthetemperaturesensi－  

tivityofPNIPAMchains．  
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Figure2・9：Thesecondvirialcoe臨cientA2Plottedagainstthetemperature。Thecooperative  

ParameterUisvariedfromcurvetOCurve．Thereareinpnnciplethreethetatemperatures  

WhereA2Vamishes・Theonelyinginthemiddletemperatureisrelevantthetatemperatureto  

WhichLCSTapproachesintheinfinitemolecularWeight．  
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parameterJisvaried丘・OmCurVetOCurve・Thereareinpnnciplethreethetatemperatureswhere  

A2Vanishes・Theonelyinginthemiddletemperatureistherelevantthetatemperaturetowhich  

LCSTapproachesintheinfimitemolecularweight・Withincreaseincooperativity，dehydration  

becomeSSharper，SOthatthe（negative）slopeofA2becomeslarger・  

2．4 ConclusionsandDiscussion  

Wbhavetheoreticallystudiedphaseseparationinaqueouspolymersolutions・Bythecalcu－  

lationofphasediagrams，Wehavecon丘rmedthatcorrelation，OrCOOPerativity，betweenthe  

neighboringwatermoleculesthatarehydrogen－bondedontothepolymerchainleadstoflat  

LCSTbehaviorwithonlylittlemolecularWeightdependence・Thephaseseparationexperi－  

mentallyseeninaqueousPNIPAMsolutionsfa11sontothiscategory，andismarkedlydi鮎rent  

fromPEOsolutionswheremiscibilityloopswithUCSTandLCSTdependsensitivelyonthe  

POlymermolecularWeight・Fromthetemperatureprofileofdehydrationcurve，thesharpnessof  

thesingle－Chaincoil／globuletranSitionisalsoexpectedtooriginateinthiscooperativity・The  

Pear1－neCklaceconformation（Figure2．1）drivenbythecooperativehydrationagreeswiththe  

recentmeasurementsofconcentrationfluctuationsinPNIMcross－1inkedgelsbyneutron  

SCatteringmethod［16］．Theyfoundnecklace－1ikemicrostruCturethroughthestudyofthestatic  

StruCturefactorprofileappeanngafterashallowquenchintothecollapsedstate・Comparison  

betweensolutionsandgelsmqyleadtomoreprofbundunderstandingofthetemperaturesensi－  

tivityofPNIPAMchains．  
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Chapter 3 

PhaseSeparationDrivenbyHydrophobic  

AssociationinAqueousSolutionsof  

TblechelicAssociatingPolymers  
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3．1Introduction  

Theexperimentalstudyofphasebehaviorinhydrophobicallyend－CaPPedwater－SOlublepoly－  

meraqueoussolutionsisnowprogressing・Forexample，SeVeralstudies［l，2］haveshownthat  

theLCSTofaqueoustelechelicPoly（ethylneoxide）（referredtoasHM－PEO）solutionsismuch  

lowerthantheLCSTofsolutionsofPEOsamplesofcomparablemolecularWeight・Themagnト  

tudeoftheshiftinLCSTcanreachlOOOC．TheLCSToftelechelicPEOsdependsonthesamPle  

molecularWeight：itincreaseswithincreaslngmOlecularWeight，SuChthatthephaseseparation  

reglOnShrinksfbrtelechelicpolymersoflargersize・Thistrendisoppositetothatexhibited  

byaqueoussolutionsofPEO．InthecaseofaqueoustelechelicPoly（脾isopropylacrylamide）s  

（refbrredtoasHM－PNIM），theend－grOuPinduceddecreaseoftheLCSTismuchweakeriOn  

theorderof5tolOOC［3，4］．Moreover，thetransitiontemperaturedetectedbymicrocalorime－  

try，Whichcorrespondstothecoil－tO－globuletransitionofPNIPAM，ishardlyafftctedbythe  

end－grOuPSubstituents・  

Inthischapter，Wediscussastudyoftheassociationandphasebehavioroftelechelicand  

semiLtelechelichydrophobica11ymodiAedPEOandPNIFAMbasedonourprevioustheoretical  

studyofwater－SOlublepolymers．Thenurhberofhydrophobes（typicallyshortalkylchains）on  

eachmainchainiscalledthefunctionalityfofthechain．Thus，Wehavef＝1fbrone－end  

hydrophobizedpolymers，andf＝2fortelechelicpo＆meTT，i・e・，POlymerscarryinghydropho－  

bicchainsatbothends・Hydrophobicaggregationofthechainendstnggersthefbrmationof  

mice11es，netWOfks，andotherself－aSSembledstruCtureSdependinguponthetemperatureand  

concentration・Wtwillpayspecialattentiontotelechelicpolymerswhichinteractwithwater  

difftrentlyfromtheirhomopolymercounterpartsintwoways：   

（1）Theyfbrmmicellesandnetwofksbyhydrophobicaggregationoftheendchains・Inthe  

dilutereglOn，tyPica11ysolutionsofconcentrationlowerthanlwt％，telechelicpolymers  

formintramolecularloops，Whichaggregateintomicellesofflower．1ikesh叩e（Called  

Powermicelles）［l，5，6，7，8，9，10］．Athigherconcentrations，thechainsstarttofbrm  

bridgesbetweenmicelles，reSultinginthefbrmationofnetworkswithmicellarJunCtions・  
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（2）Thehydrophobicend－Chainsinteractdirectlywithwater，SOthattheydrivethesolutions   

towardsliquid－1iquidphaseseparation．   

Mechanism（l）resultsinanapparentincreaseofthepolymermolecularWeight，COmPared  

tothehomopolymers．HencethemixlngentrOPydecreases，inducingthepolymerstodemiⅩ  

inwater．WtwillcallthisdemlXlngenhancementtendencyan”association－inducedphase  

sqlalWion”asintheliterature（refbrredtoasTS）［11，12］・Thehydrophobenumberdensityand  

thepolymervolume丘action¢areimportantparameterSCOntrOllingthismechanism．   

Mechanism（2）leadstophaseseparationbetweentheendgroupsandwaterthroughdirect  

hydrophobicinteraction［13］．Thetendencytowardsphaseseparationincreasesasthenumber  

Ofend－grOuPSPerunitvolumebecomeslarger．Thus，fbrthesamevolumefraction¢，Shorter  

telechelicpolymerstendtophaseseparatemorereadilythanlongerones．   

Wtpresenthereauni丘edmodeloftheLCSTphaseseparationofaqueoushydrophobica11y－  

modifiedtelechelicpolymersolutionswhichtakesintoaccountthenatureofthewater－main  

ChaininteractionsthroughahydrationcooperativityparameterCr．   

Inaqueoussolutionsofhydrophobicpolymers，Chainassociationinterftreswithhydration  

WithconsequencesonthemacroscopICSCale．Ifhydrationissostrongthattherearemany  

boundwatermoleculesnearthehydrophobes，aSSOCiationmustcompetewithhydration・In  

SuChacase，gelationispossibleonlyafterdehydrationtakesplacebyralSlngthetemperature  

（high－temPeraturegelation）．High－temPeraturegelationwithLCSTphaseseparationinsolu－  

tionswithsuchcompetlnghydrationandassociationphenomenahasalreadybeentheoretically  

derived［14］．Fortelechelicpolymers，however，hydrationtakesplacealongthemainchain，SO  

thatitisonlyindirectlya鮎ctedbyend－Chainassociation，eXCePtfbrthechainsectionsvery  

Closetothechainend・Dehydrationandchaincollapsestartnearthecoreoftheflowermicelles  

intheformOfheterogeneousnucleation・Inotherwords，hydrationisdecoupledfromassoci－  

ation・Thesolutionswithsuchcoexistlnghydrationandassociationturnintogelsoncooling  

（low－temPeraturegelation）withLCSTphaseseparation．Wtstudyherethephasediagramsof  
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thetelechelicpolymedwatersystemsundertheassumptionofcoexistinghydrationandassoci－  

ation・Thetheoretical1yderivedphasediagramswillbecomparedtoexperimentallyestablished  

PhasediagramSOftelechelicPNIPAM／waterandtelechelicPE印watersystems・  

3．2 Statistical一MechanicalTheoryofAssociatingPolymerSo・  

1utioms   

3．2．1ModelAqueousSolutionsofAssociatingPolymers   

LetusconsideramodelsolutionconsistingofNtelechelicpolymerchainshavingamainchain  

Ofdegreeofpolymerization（DP）nandtwoendgroupsofDPn’・ThetotalDPofthepolymer  

chainsisn，≡n＋2n＊．ThechainsaremiⅩedwithanumber穐ofwatermolecules．Ⅵねstartwith  

thelattice－theoreticaldescriptionofpolymersolutions［15，16］，anddividethesystemvolume  

Vintocellsofsizea，eaChofwhichcanaccommOdateeitherawatermoleculeorastatistical  

repeatunitofthepolymerchain・Ⅵねassumeincompressibilityofthesolution，SOthatthetotal  

numberf2≡tla30fcellsisgivenbyf2＝Nb＋n，N．Tbdescribethehydrationofthechains  

bywater，Wefo1lowtheconventionofpreviousch叩ter，andleti≡（il，i2，…）betheindex  

SPeCifyingthepolymerchaincarrylngthenumberl［Ofwatermoleculesequencesthatconsist  

OfarunOflconsecutivehydrogen－bondedwatermolecule，andletN（i）bethenumberofsuch  

POlymer－WaterCOmplexesoftypei（SeeFigure3・1）・Inparticular，Wehaveio≡（0，0，…）fbr  

abarePOlymerchaindevoidofboundwater・Thetotalnu血berofwatermoleculesonachain  

SPeCi丘edbyiisgivenby∑（i［，andtheDPofacomplexisgivenbyn（i）≡n［1＋0（i）］＋2n’，  

where  

印）≡妄誓  
（3・1）  

isthecoveragebytheboundwatermoleculesrelativetothetotalDPofapolymerl  

Inthermalequilibrium，thepopulationdistributionofconnectedclustersformedbytheend－  

chainassociationinsolutionisfixedbytheequilibriumconditions・Fo1lowlngthenotation  

usedbyFukuiandYimabe［17］，WedeAneaclusterasCi；m）ifitconsistsofjkjunctionsof  

multiplicityk（k＝1，2，3，…）andm（i）moleculesofthehydrationtypei。Theboldletters  
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Figure3・1：Pictorialrepresentationofatelechelicpolymernetwofkmadeupofhydratedpoly－  

merchains．ThepolymerchainsareCrOSS－1inkedbythemice11arjunctionsfbrmedbyhydropho－  

bicassociationoftheend－Chains．Inthecaseofcooperativehydration，SequenCeSOfbound  

WatermOleculesarefbrmedalongthepolymerchains・Chainassociationandhydrationareex－  

PeCtedtobeindependentexceptinthereg10nnearthejunctions・Themultiplicitykisindicated  

bythe丘gurenearaJunCtion・  
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j≡（jl，j2，j3，…）andm≡（m（i））denotethesetsofindices・Themultiplicityisheregivenby  

thenumberofhydrophobesinamicelle．A（i；m）clusterisaconnectedclusterconsistingof  

thenumberm（i）ofhydratedchainsoftypei・Anisolatedmoleculeofthetypei，fbrinstance，  

isindicatedbythelabelsjo≡（jlO，0，…）（Withf＝2fbratelechelicchain），andmo（i）≡  

1（fbrthetypespeci丘edbyi），≡0（fbrothers）・   

LetNO；m）bethenumberof（i；m）－Clustersinthesystem・Theirnurhberdensityisgiven  

byvO；m）＝NO；m）／f2，andtheirvolumefractionisgivenby  

¢0；m）＝カ（m）γ0；m），  （3．2）  

Where   

紬）≡∑乃伽（i）  

1  

（3．3）  

andn（i）≡n（1＋0（i）＋2n’／n）isthetotalDPofapolymer－WaterCOmPlexoftypei．Itis  

approximatelygivenbyn（i）巴n（1十0（i））fbrapolymerinwhichthemainchainismuchlonger  

thantheendgroups．ThisglVeSthevolume丘actionoftheclustersincludingtheboundwaterl  

Thetotalvolumefractionofthepolymer－WaterCOmPlexesisthengivenby∑j，m¢O；m）・   

InthepostgelreglmeWherehydratedgelnetworksexist，Oneneedstoconsiderinaddition  

thenumber，N（i），OfpolymerchainsoftypeiinvoIvedinnetworkformation．meirnumber  

densityisgivenbyvG（i）＝NG（i）／f2，andtheirvolumefractionby¢G（i）＝n（i）γG（i）．   

Thetotalnumberofpolymerchainsinsolutionis  

（3・4）  

写ヰ帥＋革掬  J，m L i  J  I  

Forinstance，POlymerchainsofhydrationtypeithatremainunassociatedinsolutionisglVen  

byNOo；mo（i））．Similady，thenumberofboundwatermoleculesis  

穐w＝錘乃β叫榊）＋亭乃β輌），  
andthenumberof打eewatermoleculesis  

（3．5）  

（3．6）   〃ん＝（1－¢）良一穐w．  
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Thetotalvolumef2≡Nb＋nNofthesolutionisnowglVenby  

n＝∑軸）Ⅳαm）・‡乃（i）碕i）・‰・  

j，m  l  

（3．7）   

Befbreintroducingthefreeenergyofthesolution，letusconsiderthenumberofcontacts  

betweenpolymersandwater・Sincethevolumefractionofthemainchainis¢。＝（n／nt）¢，  

andthatoftheendchainis¢。＝（2n’／nt）¢，thenumberofmainchain－WaterCOntaCtS（mw）  

is¢。（1－¢），andthenumberofendchain－WaterCOntaCtS（ew）is¢e（1－¢）．Wtintroducethe  

COnVentionalxparameterfbreachcontacttype（mwandew），andfindthattheenthalpyof  

POlymer－Waterinteractionperlatticece11isgivenby斤（T）¢（1－¢），Where  

新T）≡mw（ア）．γew（r）．  
乃J  乃J  

（3．8）  

XmwCOrreSPOndstoxinchapter2・InthecaseoflinearalkylchainsinwaternearrOOmtemPer－  

ature，adetai1edstudy［13］ofhydrophobicinteractionhasshownthat  

n㌦ew（T）＝2．102ncH3＋0．884ncH，／kBT［kcal／mol］．  （3．9）  

Inpar［icular，fbrtheoctadecylgroupfbrwhichncH3＝1，nCH2＝17，Wefind  

乃㌦ew（r）＝2．102＋0．884×17／毎r．   （3．10）  

Itis叩PrOXimately28・5kcaVmolatroomtemperature．Whenwecanneglectthelength  

Oftheendchaincomparedton，thelengthofthemainchain，theefftctivecontactinteraction  

ParameterisglVenaS  

抑≡〃mw（r）＋，  （3・11）  

Wherexl≡2n㌢ewisthee鮎ctiveinteractionparameterbetweentheendchainandwater．The  

directinteractionbetweenhydrophobicgroupsandwatergivesanO（1／n）correction，andis  

StrOngerforshorterchains．  
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3．2．2 FreeEnergyoftheAssociatingPolymerSolutions   

The血・eeenergyOfthemodelsolutionhasthreecontributions：  

AF＝AFmix＋△Fhyd＋AFassoc・   

ThefreeenergyofmixinglSglVenby  

β△㌔x＝‰1n転＋∑Ⅳはm）1n紬m）＋抑（ト¢）  
j，m  

（3．12）  

（3．13）  

byapplyingtheFlory－HugginsmiⅩingentropyforpolydispersepolymersolutions［16］・The  

freeenergyofhydrationisglVenby  

（3・14）  恥＝錘β抑（i）卜帥・革β叫i刑，  
WhereAA（i）≡A（i）－A（io）isthefreeenergyofhydrationtoformaCOmPlexoftypeistarting  

丘omabarePOlymerofreftrenceconformationio≡（0，0，…）・The丘eeenergyofhydrophobic  

associationisgivenby［11，12］  

βFassoc＝∑AO；m）NO；m）＋‡鮒）NG（i），  
j，m  l  

（3．15）  

WhereACi；m）≡βbO（i；m）－∑iFLOOo；mo（i））m（i）］isthefreeenergychangeuponfbrmationofa  

ClusteroftypeO；m）丘omseparatedchainsoftypei，andwhere6i（¢）isthedimensionless丘ee  

energygalnWhenapolymerchainoftypeiisconnectedtothenetwork・ThetermSthatinclude  

thenumberNG（i）ofpolymerchainsofthetypeiinthegelnetworkneedtobeintroducedonly  

inthepostgelreglme．   

Ⅵ厄nextderivethechemicalpotentialfbrthefreewaterandtheassociatedcomplexby  

di鮎rentiatingthefreeenergyglVenabovewithrespecttotheirnumber・Wbfind  

β如知＝1＋1n転－㍉＋斤〆－dG（¢）¢   

forthefreewater，andfbrtheassociatedcomplexofthetypeO；m）  

（3．16）  

志ト△帥＋β与叫i）椚（i）＋1n伽） 

－ ㍉＋斤［¢2＋r（m）（ト2¢）］＋dG（¢）【r（m卜軋  

］  
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カ（m）  

（3．17）   



where  

㍉≡γ蝕・∑γ仕m）  

J，m  

（3．18）  

isthetotalnumberofmoleculesandclustersthatpossesscenterofmasstranslationaldegreeof  

freedom，and  

（〝＋2が）∑i〝l（i）  
r（m）≡   （3．19）  

∑iJl（i）m（i）   

thevolumeofthepolymerpartSmeaSuredrelativetothetotalvolumeofaclusteroftypem・In  

Particular，r（mo（i））巴1／［1＋0（i）］forahydratedbutunassociatedpolymerchain．ThetermSin  

thechemicalpotentialsincluding  

dG（¢）≡∑∂潮γG（i）  

1  

arerelevantonlyinthepostgelreglme・Finally，Wehaveforachaininthegelnetwork  

（3．20）   

β等＝慧－㍉刷れr（mo（i））（1－2¢臣翻【r（m。（i））一打 （3・21）  

3・2・3 EquilibriumConditionsandOtherSolutionProperties   

Inordertostudyequilibriumsolutionproperties，Wefirstimposeassociation－dissociationequl－  

1ibriumconditionsontheformationofhydrophobicclustersaswellasonthehydration・Forthe  

Clusterfbrmationbyend－Chainassociation，thechemicalpotentialsshouldsatisfythecondition  

購；m）＝∑購0；mo（i））勅  
1  

Similarly，fbrhydrationwehavethecondition  

ApCio；mo（i））＝ApCio；mo（io））＋nO（i）4pfw．  

（3．22）  

（3．23）  

Finally，fbrachainofafbitrarytypei，theequilibriumbetweenthefreestateandthenetwork－  

boundstateglVeStherelation  

如00；mo（i））＝如G（i）．  （3．24）  

Thefirstassociationequilibrium（3．22）givesthevolume丘actionofclustersinthefbrm  

伽）＝eX堰酔ト△叫匝仙（i））頑）  
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Thehydrationequilibrium（3．23）gives  

¢O。；m。（i））＝eXP［nO（i）－βAA（i）］¢Cio；mo（io））艦i）  （3．26）  

fbrthevolume丘actionoftheunassociatedchainsofthetypei．Thisleadstothedistribution  

functionforthenumberdensityvCio；mo（i））ofthepolymerchainsas  

vo。；m。（i））＝Rh（i）vOo；mo（io））艦i），  （3．27）  

WhereKhistheequilibriumconstantfbrhydrationandisexpressedbytheEq・（2・8）・Upon  

Substitutionof（3．26）into（3．25），Wefind  

γ帥）＝g帥）口［瑚）γA¢㌘r‘i’，   （3・28）  

1  

wherewehaveintroducedthesymboIv＾≡VCio；mo（io））fbrthenumberdensityofunassociated  

barepolymers（Calledlambdachain）inthesolution，and  

榊）≡ 

ロ【1・研）exp［与朴1－△叫 
（3・29）  

istheequilibriumconstantforthereversibleformationofconnectedclustersoftype（i；m）・   

Inthepostgelregime，Wehaveanadditionalequilibriumcondition（3・24）fbrtheassociation  

Ofa丘eechaintothegelnetwork・Ⅵねareledtotheresult  

ln¢Oo；mo（i））＝6i（¢）－1－β△A（i）・  （3．30）  

Thedimensionlessbindingfreeenergy6iisthereforerelatedtothevolumefractionofthe  

unassociatedpolymers・Aftertakingthedi鮎rencebetweeniandio，andsubstitutlngtherelation  

¢00；mo（i））  
＝eXp［乃叩卜β舶（i）】艦i）  （3．31）  

¢00；mo（io））   

intotheresult，Wefind  

6i（¢）＝1＋nO（i）＋ln動＋nO（i）ln¢fb・  

Thefreeenergyperlatticecellofthesolution  

′（¢，r）≡β筈＝β毎（1一¢）・伽空                                                          乃  
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cannowbedecomposedintotheordinaryFlory－Hugginsmixingfreeenergy席Handtheffee  

energyjhvofassociation－hydrationasf＝ji；H＋jhv，Where  

血≡（ト¢）1n（1－¢）＋1叫＋鰍1－れ  
乃  

（3．34）  

and  

ふ≡珂帥（ト叫烏）十△γ  （3．35）  

with  

△γ≡ト¢＋空－㍉  
乃  

（3．36）  

beingthelossinthedegreeofcenterofmasstranslationalmotionasaresultofinterm01ecular   

association．  

Byuslngthemassconservationlawsfbrpolymerandwater，letusfindnextthetwofunda－  

mentalvolumefractions動and¢fbaSfunctionsofthevolumefraction¢ofthepolymers丘Ⅹed  

inthesamplepreparation．B卑CauSethenumber㍉（i）ofchainsofhydrationtypeiinthesoIpart  

isglVenby  

㍉（i）＝∑㈹γαm），  
J，m  

andthisnumberisgivenbyvG（i）inthegelparts，Wefind  

¢＝乃∑［㍉（i）＋γG（i）】・  

1   

Similar1y，Wehave  

l－¢＝転・乃∑㈱［㍉（i）＋叫  
1  

（3．37）  

（3．38）  

（3．39）  

forwater・Thechemicalpotentialsofthesetwocomponents，1ambdachainsandfreewater，are  

then givenby 

1＋1n動  
－㍉＋斤（ト¢）2＋dG（¢）（ト¢），  β4〃．l＝  

β和知＝1＋1nれ－㍉＋斤〆－dG（¢）¢．  

Theosmoticpressure7TCanbefbundfromthethermOdynamicrelation7ra3＝－AFL知。  
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3．2．4 SpinodalCondition   

Thespinodalconditionisderivedbydi鮎rentiatingtheosmoticpressureoncemorewithrespect  

totheconcentration．Itcanalsobefoundbytakingthederivativeofthedi鮎renceAp＾－  

betweenthechemicalpotentialofthelambdachainsandthatofthefreewater・Wtfind  

坐 
・一桁0，  

坤   

forthesplnOdal，Wheretherelations  

（3．42）  

1座乃γG（i））卦nれ  

1＋（与榔（i））卦咄，   

∂  

∂1n¢   

∂  

∂1n¢  

（3．43）  頃（¢）≡  

（3．44）  均伽（¢）≡  

describetheeffbctsofend－Chainassociationandofhydration，reSPeCtively．Thevolumefraction  

¢紬Offreewaterisassumedtobeafunctionofthetotalpolymervolumefraction¢anditis  

substitutedintotheseN－functions。  

3．2．5 TreeStatisticsforEnd・ChainAssociation   

Tbstudygelationbyend－Chainassociation，WeemPloytheconventionaltreestatisticsfbrmulti－  

PleassociationdevelopedbyFukui－Yamabe［17］，andalsobyTS・Themultiplicityofajunction  

inthepresentsituationisglVenbytheaggregationnumberofthemicelle・Underthetreeas－  

SumPtion，therearetWOfundamentalgeometricalrelations  

∑椚（i）＝∑（た－1）ム＋L  

i た≧1  

∑ふ＝（′－1）∑頑）・1  
た≧1  1  

forthenumberofpolymerchainsandjunctions，Wherefisthefunctionalityoftheprimary  

Chain．U＝2fbrtelechelicchains．）   

Themultiplicityofjunctionsisinpnncipledeteminedbytheequilibriumrequlrementfbr  

aglVenaSSOCiativeinteraction・Inthecaseofhydrophobicinteraction，thechainlengthof  
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thehydrophobe，thestrengthofwater－hydrophobeinteraction，andthegeometricfbrmOfthe  

aggregatedeteminetheassociationconstant＾（T）andthemultiplicityofjunctions・   

Letpkbetheprobabilityforahydrophobe（endchain）tobeassociatedintoamicelleof  

multiplicityk，andletαbetheextentofassociation，i・e・，theprobabilityforanatbitrari1ychosen  

hydrophobetobeassociated・Then，Pl＝1－αglVeStheprobabilityforahydrophobetoremain  

unassociated．InaccordancewithTS，WeaSSumeaSSOCiation－dissociationequilibriumcondition  

fbrthehydrophobesformlngmicellesofmultiplicityk，SOthatwehave  

pた＝穐〆●1夕子，  （3．47）  

whereKkistheequilibriumconstant，and¢≡f¢／n，isthetotalnumberdensityofhydrophobes・  

Wtmaywrite，aSinTS，theequilibriumconstantintheform  

＆＝い（r）】た‾1領  （3．48）  

byseparatingthebinding丘eeenergyofamicelleintoabulkpartAg2＝（k－1）AgASanda  

Surfacepart．Theassociationconstant＾（T）comesfromthebulkpartthroughtherelation  

（3．49）  A（r）＝eXp（－ザ△gAS）・   

Undertheseassumptions，theextentofassociationcanbewrittenas  

l  

ク1＝1－α＝－  
〟（z）   

intermSOfthejunctionfunctionu（z）definedby  

〟（z）≡∑預㌔‾1，  
た≧1   

（3．50）  

（3．51）  

WheretheparameterZ≡＾（T）Qplisthetotalnu血berdensityofhydrophobesthatremainunas，  

SOCiated・ThenumberdensityofunassociatedpolymerchainsofhydrationtypeiisglVenby  

γ0。；m。（i））＝pfγ∫（i）  （3．52）   
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bydefinition．UponsubstitutionofEqs．（3．50）and（3・51）fbrpl，Wefind  

∑㈹＝以（れ∑緑i）膿i’＝：〟（z）′γスgO（帰  

i 1   

Wherethego（カisdefinedby（2．11）．   

Themassconservationlaw（3．38）fbrthepolymeristhenexpressedas  

¢＝〟（z）／如go（転）＋¢G。  

（3・53）  

（3．54）  

Similarly，theconservationlaw（3．39）fbrwateristransfbrmdinto  

l－¢＝¢飯＋〟（z）′¢諸1（転）＋亀，  （3．55）  

Where侃isthevolumefractionofthewatermoleculesthatareboundtothegelnetwofk・  

glisdefinedby（2．12）．Inthepregelregimewherethereisnogelnetwork，WemaySimply  

Set¢G＝侃＝0・BysoIvingEq・（3・54）withrespecttoQ＾，andsubstitutingtheresultinto  

Eq．（3．55），Wefind  

1－¢＝¢知＋¢G（¢飯）・   

WhereG＆）isdefinedbyEq．（2．14）．   

Tbsummarize，Wehavethefo1lowlngSetOfequations  

（3．56）  

A（r沖＝Z〟（z），   

¢＝〟（z）／¢娼0（れ），   

1－¢＝¢知＋¢G（¢餌）・   

TheseshouldbesoIvedfbrtheunknownsz，如and¢fwaSfunctionsofthepolymervolume  

丘action¢andthetemperatureT．Ifthereisnohydration，Wehavego（z）＝gl（z）＝1．The  

equationsreducetothosestudiedinTSforthermoreversiblegelationwithmultipleassociation・  

Ifthereisnohydrophobicassociation，Onthecontrary，Wehave＾（T）＝0（z＝0）andu（z）＝1・  

Theequationsreducetothosestudiedinchapter2．Hence，Weherehaveunifiedtheory．  
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Thenumberdensityofmoleculesandclustersthatpossesstranslationaldegreeoffteedom  

reducesbytheamount  

△γ（¢）＝¢G（¢か主ょZz廟  （3・60）  

duetoaSSOCiationandhydration．  

Aftertakingthederivativesofthemassconservationlaws，WefindthattheK－functionsin  

thespinodalcondition（3・42）takethefbrm  

板（¢）＝1＋／  （3．61）  

［1＋G（れ）］2（1－¢）  
（3．62）  栴（¢）＝   

¢知［1＋¢G′（¢知）］  

inthepregelreglme．   

TheN－functionfbralambdachaincanbedescribedintermSOftheaveragemultiplicityof   

micellarjunctions．Forthis，WefirsttakethelogarithmicderivativeofEq．（3．57），andfind  

d In z l  

（3．63）  
∂1n¢ 1＋z〟′（z）／〟（z）－  

ThedenominatorglVeStheaveragemultiplicity  

た≧1   
〃w≡∑廟＝1・慧，  

andhencewehave  

（3．64）  

1－（／－1）山w－1）  
（3．65）  現（¢）＝  

〃w   

Becausethegelpointinmultipletreestatisticsisgivenbythedivergencecondition［11，17］  

Oftheweight－aVeragemultiplicity  

（／－1）小w－1）＝1，  （3．66）  

Wefindthat桁Vanishesatthegelpoint・Thisisduetothevamishingofthetranslationalmotion  

OfthelargestclusterwhenltgrOWStOmaCrOSCOPicdimensions・   

Atthisstage，Werealizethatwecanstudymonofunctionalpolymers（f＝1）andtelechelic  

POlymers（f＝2）（andalsotheirmiⅩtureS）fromtheunifiedpointofviewdescribedabove．  
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ImportantexamplesofthemonofunctionalcaseareamPhiphilicdiblockcopolymersmadeup  

Ofahydrophilicblockandahydrophobicblock，SuChasPEO－PPOdiblockcopolymer，PEO－  

PNIMdiblockcopolymer［18］，etC．Anothercommonexampleisthatofthenonionicsur－  

factantsCiqmadeupofashortalkylchainandanethyleneoxidechain［19，20］・TheLCST  

Phaseseparationdependssensitivelyonthenumberofethyleneoxideunits［20］・Thephasesep－  

arationandrmxlnglawoftheendchainsinthemixturesoftelechelicPEOandsemitelechelic  

hydrophobicPEOhavebeenstudiedindetailintheliterature［21］   

Asforthepostgelreglme，therehavebeenseveraldi飴renttheoreticalmethodstotreat  

thereactioninthesolandgelparts．OnesuchmethodassumestreestruCtureSfbrthegel  

netwo止aswellasfbrthesol（Stockmayer’spicture）［22］，Whiletheothertheorypermitscycle  

fbrmationwithinthenetwork（FIory’streatment）【23］・Thedi鮎rencebetweenthetwomethods  

WaSeXaminedlaterbyZiffandStell［24］fromthekineticviewpoint，1eadingtoathirdmethod  

Whichbridgesthetwooriginalmethods．TbespecificfbrmOfthebinding打eeenergy6i（¢）  

dependsonwhichmethodonechoosestotreatthepostgelreglme．Inthisstudy，WeaVOidthis  

COmPlexproblemandemploythesimplesttreatmentofStockmayer［22］．   

3．2．6 CooperativeHydration   

WbemploythesamemOdelofsection2．4inchapter2asthemodelofhydration。   

TheKfwfunctioninourspinodalcondition（3・42）takestheform  

1＋（1－の卯  
（1＋の2（1＋利，  ‰（曾；¢）＝   （3．67）  

1＋（1－のが2   

Where  

e（曾）≡β佃）－【1－β桓）】ん（曾）   

With  

紬≡認  

beingtheweightaveragelengthofasequenceofboundwatermolecules・  

（3．68）  

（3．69）   
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qlSaParameterde点nedbytheequation  

［1－¢－β佃）¢】㌔（如）  

ヴ＝〃（r）   （3．70）  
1＋叩Wo（ヴ）  

ThecoverageObyboundwatermoleculesisglVenby  

J曾呵（留）  

β（曾）＝   （3．71）  
1＋叩Wol（ヴ）●  

Here，thefunctionswaredefinedby  

n  

wo（ズ）≡∑〆‾1，and wl（カ≡∑gズg‾1  
r＝1  g＝1   

andwol（x）≡Wo（x）＋wl（x）．Theaveragesequencelengthisgivenbyん＝Wl（q）／wo（q）・  

（3．72）  

3．3 NumericalResultsandComparisonwiththeExperiments  

R）rnumericalcalculationofthephasediagramS，WeSetthenecessaryparaneterSinthefbl－  

lowingway．WbArstassumetheconventionalSchultz－Floryfbrm［25］xmw（T）＝1／2qゆTfor  

thex－Parameterbetweenmonomerunitsofthemainchainsandwater，WhereT≡1－00／Tis  

thereducedtemperaturedeviationmeasuredfromthereftrencethetatemperatureOosatisfying  

theconditionxmw（00）＝1／2，andゆisamaterialparameterOforderunity．Fortheinterac－   

tionbetweentheendchainsandwater，Wehavexl巴2×28．5［kcaVmol］／kBT．Tbhavethe   

SOVgeltransitionlinesintheobservedconcentrationrangenear2％，Wetriedtwo点Ⅹedvalues   

Ofxl（T）＝3．OandlO．0．Theassociationconstantofthehydrophobicaggregationoftheend－  

Chainsisthengivenbyl（T）≡eXP（－AgAS／kBT）＝＾oexp（AE／kBT）＝＾oexp［γ（1－丁）］intermS  

Ofthereducedtemperature，Whereγ≡AE／kBOoistheassociationenergyinaunitofthermal  

energyattherefbrencetemperature．Wtvariedthenumericalvaluesof4）andγtOaSSeSS丘tsto  

theobserveddownwardshiftoftheLCST．  

Simi1ar1y，theassociationconstantFL（T）fbrhydrationisrefbrredatsection3inchapter2．  

ItisexpressedasFE（T）＝FLoeXP（leh＋Aebl／kBT）＝FLoeXP［γH（1－T）］．Throughoutthepresent  

numericalcalculation，WefiⅩゆatゆ＝1．0，andchangetheamplitudeん，FLo，thedimensionless  
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bindingenergyγ，γH，andthecooperativeparameteru・Inparticular，WemOnitorhowchanges  

inthevalueofqa鮎cttheLCSTline・TheparameterSrelatedtothestrengthofhydration，SuCh  

asIJo，YHWeretaken丘omRef．［26］fbrPEO，andchapter2［27］forPNIfAM・Theseparameters  

ledtogoodfitsoftheexperimentaldatainthecaseofthetwohomopolymers・   

3．3．1SoVGelTransitionCurve   

Befbrewediscussaboutphaseseparation，1etusdiscussthesoVgeltransitionbythehydropho－  

bicinteractionatbothendsofpolymer．Figure3．2showsthesol／geltransitioncurveoftelechelic  

polymeronthetemperature－COnCentrationplane・Thesol／geltranSitioncurveShiftshighercon－  

centrationwhentheDPsincrease．ThisisbecausethehigherDRthelowerdensityoffunctional  

groups，thusinteractionbetweenhydrophobicgroupsisweaker・  

3．3．2 PhaseDiagrams   

InFigure3・3wecomparethephasediagramSOfaqueoussolutionsoftelechelicassociating  

polymersundergoingrandomhydration（leftfigurewithロ■＝1・0）orcooperativehydration  

（right丘gurewithJ＝0．3）．Thespinodallines（SOlidlines）andthesoVgeltransitionlines（bro－  

kenlines）areShownoverawideconcentrationrangeuPtO25wt％・ThemolecularWeightsof  

thepolymersvaryfromn＝50tolOOO・Thephaseseparationregion（unstableregion）shrinks，  

i・e・，theLCSTmovesupwardsandtheUCSTmovesdownwardswithincreaslngmOlecular  

weightforsolutionsofpolymerconcentrationshigherthan2wt％・Forthesolutionsofcon－  

centrationlowerthan2wt％，however，theoppositetrendisobserved；theshorterthepolymer  

chains，thehigherthespinodaltemperature・InsuchlowconcentrationreglOn，interm01ecu－  

1arend－Chainassociationissolimitedthattheaveragemolecularweightoftheaggregatesof  

shorterchainsremainssmallerthanthatoflongerchains．Hence，thetendencyfbrphasesepa－  

rationislargerforlongerchainsasinhomopolymersolutions・ⅦthincreaslngCOnCentration，  

however，aSSOCiationdevelopstoanextentsuchthattheaveragemolecularWeightoftheasso－  

Ciatedshorterchainsexceedsthatofthelongerchains．Asaresult，Shorterchainsshowamore  

pronouncedtendencyfbrphaseseparation・Suchaninversionofthemolecularweighteffbct  
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Figure3．2：Thesol／geltransitioncurveonthetemperature－COnCentrationplane。TheDPsnis  

Changed血■OmCurvetOCurve・  
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Figure3・3：Comparisonofthephasediagramsoftelechelicassociatingpolymerswithrandom  

hydration（q＝1．0，1eft）andwithcooperativehydration（u＝0・3，right）overawideconcen－  

trationrange．Spinodallines（SOlidlines）andsol／geltransitionlines（brokenlines）areShown・  

ThevariouscurveSCOrreSPOndtopolymersofdifferentmolecularWeights。  
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takesplaceatthepolntOnthephaseplanewhereLCSTcurvesfbrdi鮎rentmolecularweight  

crosseachother．  

Inthecaseofsolutionsofpolymersundergolngrandomhydration，theLCSTandUCST  

mergefbrpolymershavingamolecularWeightbetweenn＝50andlOO，andthephasesepara－  

tionreglOnturnSintohourglassshape．Incooperativehydration，theLCSTcurveSareVeryflat  

uptohighpolymerconcentrationwithonlyweakmolecularWeightdependence・   

IntheleftpanelofFigure3．4，WePreSentthelowconcentrationreglOn，uPtO5wt％，Ofthe  

Phasediagramofthetelechelicpolymedwatersystemfbrwhichq＝1・0forpolymersoffour  

diffbrentmolecularweights．Notethat，aSareSultofend－Chainassociation，theLCSTlinesshift  

downwards，andtheUCSTlinesshiftupwards，alongthesol／geltransitionline．Therightpanel  

OfFigure3．4showsthesamephasediagramregion，butforatelechelicpolymedwatersystem  

forwhichu＝0．3．ThesplnOdalcurveSfbrpolymersofdi鮎rentmolecularWeightcross，and  

SOlutionsofconcentrationsbeyondthecrossoverpolnteXhibitaninversionofthemoleculaト  

WeightdependenceoftheirLCSTcurves．Sincethecriticalmicelleconcentrationisreported  

tobeextremelysmall（c＜10‾3wt％），thespinodalcurvesforsolutionsoftelechelicpolymer  

COnCentrationlowerthanlwt％areeXPeCtedtobesubstantiallymodi丘edduetotheformation  

Offlowermicelles．Withinourtreeqpproximation，theLCSTisidenticaltothecrosslngPOint  

Ofthespinodalcurveandthesol／geltransitioncurve・   

3．3．3 ComparisonwiththeExperimentsontheTblechelicPEOandthe  

TblechelicPNImM  

ExperimentalcloudpointsoftelechelicPNImMwithMw＝37，000ghlOlrecordedfbrsolu－  

tionsofvariousconcentrationsarepresentedinFigure3・5togetherwiththetheoreticalspinodal  

line［3，4］．Becausetheirspinodal1inesareeXPeCtedtolieabovethebinodallines（Cloudpoints），  

thecomparisonisonlyqualitative・Thediscrepancybetweenthebinodalandspinodalbecomes  

largeratlowerconcentrations，SOthatthe丘ttingintheverydilutereglOnShouldnotbetakenas   

acomparison．  
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Figure3．4：（Lef［）Detailedrepresentationofthephasediagraminthelowconcentrationregime  

fbrrandomhydrationwitho－＝1・0・ThevariouscurveSCOrreSPOndtopolymersofdiffbrent  

molecularWeight・TheLCSTandUCSTlinescomeclosertoeachotherasthemolecular  

Weightofthepolymersdecreasesduetoend－Chainassociation・Thelineseventua11ymerge，and  

thephaseseparationregionturnSintoanhourglassshape．（Right）Sameastheleftfigure，but  

Withq＝0．3．TheLCSTremainsflatalmostindependentofthepolymermolecularWeight   

regardlessofend－Chainassociation．  
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Figure3．5：Experimentalcloudpoints（blackcircles）andtheoreticalspinodalcurve（SOlidline）  

OfaqueoussolutionsofatelechelicPNIFAM（Mw＝37，000ghnol）・Thecoil－tO－globuletran－  

SitiontemperaturesdetectedbyDSCarealsoplotted（OPenCircles）・Thecloudpoints（OnSetOf  

Phaseseparation）1iebelowthecoi1－tOqglobuletransitiontemperatureduetohydrophobicasso－  

Ciation・Thelattertemperatureisalmostindependentofthepolymerconcentrationbecausethe  

transitionisessentia11yrelatedtotheintramolecularCOnformationofeachchain・  
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3．3．4 MolecularWbightDependenceofLCSTandUCST   

TheLCSTIUCSTdiagramsofaqueoussolutionsofPEOandtelechelicPEO（q＝1・0）are  

presentedinFigure3・6・Forchainsshorterthann＝ヒ200，theaveragemolecularWeightof  

theaggregatesbecomeslargerthanthatofthelongerchains，andhence，theLCSTdecreases  

andtheUCSTincreases．Thetwotemperatureseventua11ymergeintoaDCPatamolecular  

weightindicatedbyacircleinthefigure，anddisappearfbrsolutionsoflowDPpolymers・  

ThisnonmonotonicvariationofthecriticalpointsasafunctionofDPisacharaCteristicfbature  

ofassociatingpolymersolutions・Aphaseseparationofthehourglasstypewasobservedin  

SOlutionsofshorttelechelicPEO【2］．   

TheLCSTIUCSTdiagramsofaqueoussolutionsofPNIPAMandtelechelicPNIfAMare  

presentedinFigure3・7asafunctionofn－1，therecIPrOCalDIlfbrthecooperativehydrationof  

PNⅣÅMwith0，＝0．3．Wtnotethatforchainsshorterthann巴200，theLCSTdecreasesand   

theUCSTfollowsthesametrendsasthoseofsolutionsoftelechelicPEO，butthemagnitudeof  

theLCSTdownwardshiftandtheUCSTupwardshiftarelowerforHM－PNIfAMscompared  

toHM－PEOs．AIso，thevariationoftheLCSTvalueswithn－1ismuchmoregradual（upper  

dottedline）inthecaseofHM－PNIPAM．Thus，ifthehydrationofthepolymeriscooperative，  

theLCSTphaseseparationtakesplacewithinaverynarrowtemperaturerangelowerthanthe  

collapsetransitiontemperature，thelatterbeingpractica11yindependentoftheconcentration  

becausethecoll叩SetranSitioniscausedbyasuddendehydrationofeachchain・ADCPcannot  

beseeninthediagramSCalculateduslngtheparameterSShownintherightpanelofFigure3・4・  

3．4 ConclusionsandDiscussion  

Ⅵねhavepresentedatheoretical丘ameWOrktoassesstheinterplaybetweenhydrationandhy－  

drophobicassociationinthephasebehaviorofaqueoussolutionsoftelechelicPEOandof  

telechelicPNIfAM・Insolutionsoflowpolymerconcentration，POlymersformSelf1loops，and  

loopsassociateintomicellesofflowershape・WithincreaslngPOlymerconcentration，SOme  

loopsturnintobridgechainsconnectingneighboring鎖owers，andthesolutioneventuallyturnS  
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Figure3．6：LCSTIUCSTdiagramforaqueoussolutionsofPEOandtelechelicPEO（HM－PEO）  

representedasafunctionoftherecIPrOCalDRHydrophobicmodificationofthepolymerstrig－  

gersaninversionofthemolecularWeightdependenceofthecriticalpolntS；Shorterchainstend  

tophaseseparatemOreeaSilythanlongerchains（dottedlines）・DCPappearSfbrsolutionsof  

POlymersoflowmolecularWeights・  
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Figure3・7：TheLCSTIUCSTdiagramSOfaqueoussolutionsofPNⅡ楓MandtelechelicPNI－  

PAM（打＝0．3）arepresented．LCSTchangesonlygraduallyasafunctionofn－1．DCPcannot  

beseenforsolutionsofpolymersofmolecularweightsintherangeofthegrq）h・  
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intoaCOnneCtednetwork．Inthisstudy，Wefbcusedonnetworkfbrmationatandabovethe  

overlq）COnCentration，andhenceneglectedtheefftctof瓜owermicellesonthephaseseparation  

andgelationofasolution・Thisde丘ciencyofthepresenttheorymayberemediedbyintroduc－  

1ngloopsinequilibriumwithopenchainsasspeciesdi飴rentfrompolymers，aSWaStreatedin  

ourprecedingpaper［29］・   

Insolutionsofthetelechelicpolymersstudiedhere，hydration（hydrogenbonding）andas－  

sociation（hydrophobicaggregation）arenOtStrOnglycompetitive，butalmostdecoupledfrom  

eachotherexceptfbrthechainpartsneartheendgroups・Inourmodel，Wehaveneglected  

theinterfbrencebetweenhydrationandend－Chainassociation．Thereis，however，eXPerimental  

evidencethatthedehydrationstartsatthecoreoftheflowermicelles，andthisdehydrationis  

followedbychainco11apse，inthecaseofPNIM［30］・Uponheatingapolymersolutionabove  

thephasetransitiontemperature，end－Chainassociationtnggersdehydrationandthenetworks  

StarttOShrinkfromthecoreofthemicellarjunctions．Suchinterftrencebetween（de）hydration  

andchainassociationremainsanopenproblemwithregardtoaqueouspolymersolutions・  
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Chapter 4 

Pressure・Contro11edThermoreversible  
GelationandPhaseSeparationin  

Polycondensation Systems 
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4．1Introduction  

Inpolycondensationreactions，SuChaspolyesteri丘cationfromcarboxylicacidsandalcohoIs，  

POlyamidationfromcatboxylicacidsandamines，WatermOleculessplitduringthereactionare  

irrmediatelyremovedtopreventbackwardreactionandtoreachhighconversionwithhigh  

molecularWeightlinearPOlymers［1，2］．Thecondensationreactionisbasica11yreversible，and  

hence，backwardreactiontakesplacewhenthereisexcesswater・Consider，fbrinstance，a  

COndensationreactionofthetype  

ーA＋B－≠－AB－＋H20，  （4．1）  

WhereAandBarefunctionalgroups・Ifweassumeacompletereactionequilibrium，Wehave  

the condition 

トAB－］［H20］  
＝A（r），  （4．2）  

トA】（1－qA）【B－】（1－αβ）  

Where［－AB－】isthemolarCOnCentrationoftheA－B bonds，【H20］themolarCOnCentration  

Ofwater，αAandαBtheconversionofAandBfunctionalgroups，and＾（T）theequilibrium  

COnStant。Foranequimolarreactionwhere卜A］＝［B－］holds，Wehavethesameconversion  

αA＝αB，Whichwewriteasα．Fromtheequilibriumcondition（4．2），theconversionαis  

approximatelygivenbyα巴1－1／埴，andtheaveragedegree＜X＞Ofpolymerization，both  

number－andweight－aVerage，isgivenby＜X＞巴1／哺，Where  

ゐ≡  
（4・3）  

isanimportantdimensionlessparametertOmeaSurethee鮎ctofwater［1，2］．Here，ゆisthe  

molarconcentrationofthefunctionalgroups・Hence，theconcentrationofwatermustbesmall，  

OrthereactionequilibriumconstantmuStbelarge，inordertoobtainlongchains・Theparameter  

hcanbechangedatwillthroughexperimentalmanlPulation・Reactionisusuallyprocessedin  

anopenvessel，andwatervapourisremovedbytheflowofinertgasses・   

Incontrast，inpolycondensationofmultifunctionalmonomers，reaCtioneasilyreachesthe  

gelpointbecausetheconversionatthegelpointisroughlyestimatedtobe  

1  

α巴ア＝了，  
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Wherefisthefunctionalityofthemonomer，i・e・，thenumberoffunctionalgroupscamiedby  

amonomer［1，3，4］・ForexamPle，itisO．33fbrtetrafunctionalmonomers．Insuchpolycon－  

densationreactionofmultifunctionalmonomers，thewatermoleculesshouldnotnecessarily  

beremovedfromthereactionbath，butinstead，thesystemcanbebroughttothegelpolntby  

COntrOllingthevapourpressureofwater・Infact，insomeextremecasesasseeninpolycon－  

densationoftetraethoxysilane（TEOS）inwaterandalcohol，gelationcanbeobservedevenin  

aclosedvessel［5］・Thepurposeofthepresentpaperistotheoretica11ystudythermOdynamics  

Ofmultifunctionalpolycondensation，andtofindtheconditiontobringthesystemtothegel  

POintbychanglngthevapourpressureofwaterwithorwithoutphaseseparation・Intheprevi－  

OuSChapter，Wetheoreticallystudiedphaseseparationandgelationinhydrophobical1ymodi丘ed  

POlymersolutions・Wbcanregardhydrophobicaggregationasreversiblereactioninthesame  

WayaSPOlycondensationreaction・Thus，WeCanCOnStruCtthesuitabletheoryfbrpressure－  

COntrOlledinpolycondensationsystemsaswedeveloptheprevioustheory・   

Intheconventionalstatisticaltheoriesofpolycondensation［1，3，4］，thee鮎ctofeliminant  

moleculeshavenotbeenexplicitlytakenintoconsideration・Themolecularweightdistribution，  

itsaverages，andtheconditionforgelationwerestudiedasfunctionsoftheconversionαunder  

theconditionofsimplebondformationbetweenfunctionalgroups・Inaseriesofourpreceding  

Studies【6，7，8］，WehavestudiedthermOreVerSiblegelationofreactivesolutionswiththetemper－  

atureandconcentrationascontrolhbleparameterS・InpolycondenslngSyStemSinopenvessels，  

theconcentrationofsolutemoleculesis，however，nOtaCOntrO11ableparameterbecauseofthe  

evaporationofwatermolecules・Themainpurposeofthepresentstudyistofindthecondition  

fbrthegelpointintermSOfthevapourpressure，andtostudythephysicochemicalnatureof  

SOl／geltransitioninterftringwiththephaseseparation．   

Theformationofcross－1inkswithsimultaneoussoIventevq）Orationisthemainprocesses  

thatgovernqualityofam再0rityofprotectiveorganiccoating丘1ms．Thereby，theamountof  

evaporatedsoIventandincreaseintheconversionofreactivegroupsareinterdependent・For－  

mationofpolymerfilmsbysimultaneouscross－1inkingandsoIventevaporationwasstudiedby  

COmbiningthepolymer－SOIventmlXlngfreeenergywiththeelasticfreeenergyofthenetwofks  
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duetoswelling［9］．Themotivationofthepresentstudyisbasicallythesameasthisliterature，  

butwefbcusmoreontheinterftrencebetweenphaseseparationandthermOreVerSiblegelation  

atreactionequilibrium，andattempttofindconditionsfbrreachingthegelpolntWithoutphase  

separation・Wtexpectthisproblemtobeimportantfbrtheformationofhomogeneousfi1ms・  

Thekineticprocesseswithtime－dependentreactionwillbestudiedinthechapter5・  

4．2 TheoreticalFundamentalsonⅦpourPressureofReact・   

1ngSolutions ●  

4．2．1 De丘nitionsoftheModelSolutions   

ConsiderpolycondensingfunctionalmoleculesAdissoIvedinwater・Letfbethenumber  

offunctionalgroups（fbrexample－OH）onanAmolecule，andletnbethevolumeofanA  

moleculemeasuredrelativetothemolecularVOlumea30fthesoIventmolecule（H20）．The  

presenttheorytreatsonlytheextremelimitofcompletehydrolysis・WbmiⅩthenumberNof  

PrimaryAmolecules（reftrredtoasA）withthenumberNbofthesoIventmolecules，bothin  

thestandardrefbrencestate．Theinitialvolumeofthesolutionislち＝（賄＋nN）a3．Asreaction  

proceeds，thevolumeofthesolutionchangesifthesoIventisa1lowedtoevaporate・LetVbe  

thevolumeofthesolutionatequilibriumundertheglVentemPeratureT・Inwhatfo1lows，We  

Studyourreactivesolutionsonthebasisofthelatticetheoryofpolymersolution［10，11，12］，SO  

thatthevolumeismeasuredintermSOfthetotalnumberf20fthelatticecells．Hencewehave  

f20＝Nb＋nNfortheinitialvolume，andf2＝竹a3fbrthevolumeatfinalequilibrium．For  

reactioninaclosedvessel，Wehaveaconditionf2＝f20，but，fbrreactionunderacontrolled  

PreSSure，thesoIventmoleculesmovebetweenthesolutionphaseandthegasphase，andhence  

thevolumeofthesolutionchanges（Figure4．1）．Thevolume丘action¢ofthepolymersinthe  

pressure－COntrOlledsystemchangesasafunctionofthepressureandthetemperature，andis  

di鮎rentfromthatoftheimitialsolution◎≡nN／f20．  

Ⅵ屯assumethereactionequilibrium  

（4．5）   JA≠AJ＋△乃JH20  
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（a）  （b）  

Figure4．1：（a）Preparationofthepolycondensingsolutionwiththeinitialvolumelちandvapour  

PreSSurePoimmediatelyaf［ermiⅩing．（b）Thefinalequilibriumstatewithasolutionphaseof  

VOiumeVandagasphaseatpressurep．  
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forpolycondensationofAmolecules，WhereAnlisthenumberofwatermoleculesproduced  

whenanl－merisformedfromlpnmarymoleculesbyreaction・Thevolumen10fthel－meris  

then givenby 

（4．6）  呵＝山一△呵．   

ThenumberAnLmayChangefromtheminimuml－1（treefbrm）tofl／2（COmPletereaction），  

butherewesimplyconsidertreefbrmSOnlyandneglectinternalloops・Ⅵねthenemploythe  

classicaltheoryofgelation［1，3，4］．Theeffectofcyclefbrmationwithinpolymerscanbetaken  

intoconsiderationstepbystepbytheusualspanning－treePrOCedure［13］，butherewecon丘ne  

treestatistics。Ⅵ屯thenhaveAnl＝l－1and  

（4．7）   和才＝J乃－（ト1）．  

Asreactionproceeds，theaveragemolecularWeightoftheconnectedclustersgrows，and  

eventuallybecomesinfiniteatthegelpoint・Let州bethenumberofthel－merS，andletNGbe  

thenumberofAmoleculesinthegelnetwork，ifitexists，inthefinalequilibrium・Thevolume  

OfthesolutionisthenglVenby  

n＝穐・∑（ト1珊＋血G㌦・∑蛸・乃G㌦，  
J≧1  J≧1  

（4．8）  

wherenGisthee鮎ctivevolumeofanAmoleculeinthegelnetworkandAnGisthenumberof  

CrOSS－1inksonit．ThefirstthreetermsglVeSthetotalnumber  

凡≡穐・∑（ト1珊・加G㌦  
J≧1  

（4．9）  

ofwatermoleculesinthesolution．ThevolumefractionofthepolymerinthesoIpartisglVen   

by  

¢ぶ＝芸誓，  （4．10）  

andthatinthegelpartis   

J王GⅣG   

圃  

¢G＝  （4．11）   
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Thetotalvolumefractionofthepolymerisgivenby¢＝¢S＋¢G，andthevolumefractionof  

wateris  

軋  
¢w≡－ 

圃  

＝1－¢．  （4．12）  

Thegelfractionwisdefinedbytheratio¢G／¢．Thenumberofwatermoleculesmovedfrom  

thesolutiontothegasphaseisglVenby  

△〃b＝no（1－◎）一口（1－¢）．  （4．13）  

ThetotalnumberofAmoleculesremainsconstant．   

4．2．2 FreeEnergyoftheReactiveSolutions   

Wtapplylatticetheoryofassociatingsolutions［6，7，8］tothepresentpolycondensationsystem，  

andstartfromthefreeenergy   

β△F＝軋1n（ト¢）・∑叫n動＋ズ（r）n¢（ト¢）・∑△湖・∂（¢）㌦， （4・14）  

J≧1 J≧1  

Whereβ≡1／kBT，X（T）isFlory’sinteractionparameter，and  

△J≡β帰一購）  （4．15）  

isthefreeenergychangeinfbrmlnganl－merfromthenumberlofseparatedprimarymolecules  

inthestandardrefbrencestate・Thevolumefractionofthel－merSisglVenby  

町叫  

¢′≡‾す，  （4．16）  

anditsnumberdensityisglVenby   

弼  

γJ≡－   n●  

（4．17）  

Thelasttermin（4．14）describesthefreeenergyofthegelnetwofkinthepostgelregime，Where  

6（¢）isthefreeenergychangeperAmoleculewhenitisconnectedtothegel．Thistermisneces－  

Saryassoonasthegelpointispassed（inthepostgelregime），becausethemacroscopicnumber  

Ofmolecules（fimitefractionwofthetotalnumberofmolecules）belongtothegelpart．However，  
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howthepostgelfteeenergyhastobeapproximatedadequatelyisnotasimpleproblem，andhas  

beenamatterofvividcontroversies．Earlierpapersby％ytsman［14］，byPanayiotouetal・［15】，  

neglectedthegelfractionandstudiedthehydrogen－bondinggellingpolymerswithoutthelast  

terminthefreeenergy。Later，SemenovandRubinstein［16］studiedgelationofpolyfunctional  

moleculeswithouttakingintoconsiderationthefreeenergyofthegelfraction，andcametOthe  

conclusionsuchthatthereisnoslngularityassociatedwithphysicalquantities・Erukhimovich  

etal．［17］consideredthee鮎ctofexcessiveloopformation，andreachedtheconclusionthatthe  

sol／geltransitionisafirstorderphasetransition・Ⅵ屯showed［18］thatthereareSeVeralpossible  

waystotreatthefreeenergyfromthegel丘actionand，fbrtheoreticalstudywithoutambiguity，  

weneedatleastoneunknownparameterspecifyingtherelativeprobabilityofoccurrenceof  

intra－andinterm01ecularreaCtionsinthegelnetwork・   

Quiterecently，WeStudiedthethermOdynamicnatureofthesol／geltranSitionwithstrong  

analogytoBose－Einsteincondensation［19］・Ifweassumethatthebindingfreeenergy6（¢）  

dependsontheconcentration，itcorrespondstothesmoothedpotentialmodelofaBose－Einstein  

liquidstudiedintheliterature［20］．Ifitisaconstant，itcorrespondstotheenergyspectrumWith  

aconstantgqP［20］．Wtwill，however，nOtdiscussthissubtlepointhere，andconfinethepresent  

studytothepregelreglmeandthegelpoint・Hence，inwhatfo1lows，WeaSSumeNG＝Oand  

discardthelastterminthe丘eeenergy．   

Wbcanfindthechemicalpotentialforeachcomponentbytakingderivativesofthefree  

energywithrespecttothecorrespondingnumberofmolecules・Ⅵ屯丘nd  

β∠叫w＝¢＋1n（1－¢）－γ＋ガ¢2  （4．18）  

fbrthewater，and  

β如＝1＋△汗1叫′一両1－¢＋γ）＋ガ乃J（1－¢）2  （4．19）  

foranl－mer，Where  

γ≡γ′  （4．20）  

isthenumberofmonomersandclustersthatpossesscenterofmasstranslationaldegreeof  

丘eedom［6，7，8】．  
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4．2．3 EquilibriumPolycondensation   

Inthefinalequilibriumstate，thereaction（4．5）reachesachemicalequilibrium，SOthatwehave  

the condition 

JJ叫1＝如汗（ト1）∠叫w．  （4．21）  

Substitutingthechemicalpotentialsintothisequilibriumcondition，Wefindthatthevolume   

丘actionofthel－merSisglVenby  

ろ（¢）¢1J  
（4．22）  ¢J＝   

れト1’  

Where   

＆（¢）≡eXpト△J＋（g－1）γ（r）（1－2¢）］  （4．23）  

istheequilibriumconstantofthereaction，and¢1isthevolumefractionoftheprimarymolecules  

thatremainunreacted．IncontrasttothesimpleassociationwithoutproductionofthesoIvent  

molecules，theequilibriumconstantdependsontheconcentrationthroughtheinteractionterm  

Withx－Parameter・SuchconcentrationdependenceappearSfromthechangeinthenumberof  

monomer－SOIventcontactsduringthereaction．ItrenormalizesthefreeenergyofreactionAl，   

andleadstomanyinterestingnewfbatures．Ⅵ屯cannowrewrite（4．22）as  

り（¢）¢J＝ぢ【り（¢）¢1】J，  （4．24）  

WhereK？≡eXP（－Al）isthe”bare”（SuPerSCripto）equilibriumconstant，and  

〆ト2¢）  

1－¢   

り（¢）≡  （4．25）  

isanewimportantfactorduetowaterproduction（denominator）andtothechangeinthemixing  

enthalpy（numerator）．Wboftenencounterthesamefactorwhenweconsideradsorptionof  

moleculesontoanattractivesurfaceonwhichtheneareStneighboringmoleculesinteractwith  

eachotherwhenadsorbed［21］．ItleadstoanIsingmodeltypephasetransition．Here，Wehavea  

newphasetransitiondrivenbythecombinationofwaterproductionandthecontactinteraction  

betweenwaterandthefunctionalmolecules・Theconversionoffunctionalgroupsbecomesa  
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nonmonotonicfunctionoftheconcentrationbelowacertaincriticaltemperature，SOthatwecan  

丘ndthreepossiblevaluesoftheconcentrationfbraglVenValueoftheconversion・   

ThepartduetothechangeinthenumberofmolecularCOntaCtCanbeseenasfb1lows．  

ConsiderthemlXlngenthalpy  

≡ガ（r賄妄誓  
（4・26）  

△mixガ  

毎r  

intheffeeenergy（4．14），andfinditschangeWhenan（l＋m）－merisproducedasaresultofthe  

reactionbetweenanl－merandanm－merlThenumberNiandNnbothdecreasebyl，andthe   

number弼．mlnCreaSeSbyl，reSultinginthevolumechangenl．m－nl－nm・Thenuniber札  

Ofwaterincreasesbyl．T鮎sgivesthechangeAmixH／kBT＝・TX（1－2¢）persinglebond，and  

hencethereaction血・eeenergyisrenormalized丘omAztoAl－（l－1加（1－2¢）duetothecontact  

interaction．  

InordertofindthebarepartOftheequilibriumconstant，WenOWSPlitthereactionfree  

energyintothreepart：COmbinatorial，COnformationalandbondingtermaSAl＝A？Omb＋A？Onf＋  

A？Ond・Tb血dthecombinatorialpart，allclustersareassumedtotaketreefbrmS・Cyclefbrmation  

Withinaclusterisneglected．ⅥねconsidertheentropychangeOnCOmbiminglidenticalf－  

functionalmoleculestofbrmaSingleCayleytree・Theclassicaltreestatistics［4］givesAS？Omb＝  

毎1n［JJ叫】，Where  

げJ－J）！  

（4．27）  （功≡  

J！（′ト2J＋2）！   

isStocknayer，scombinatorialfactor．ThefbeenergyisgivenbyA？Omb＝－AS？Omb／kB・   

Fortheconfbrmationalfreeenergy，WeemPloythelatticetheoreticalentropyofdisorienta－  

tion［12］，  

乃g（g－1）乃‾2  

］   

（4・28）  ∫dis（乃）＝毎1n   
Je〝－1  

fbrachainconsistingofnstatisticalumits，Where（isthelatticecoordinationnumber，qthe  

Symmetrynumberofthechain．Ⅵねthenfind  
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withmostprobably（r＝1．  

Finally，thefreeenergyofbondinglSglVenby  

△アOnd＝（ト1炉△ふ  （4．30）  

becausetherearel－1bondsinatreeoflmolecules，WhereAふisthefreeenergychangeon   

fbrmlngabond．  

Combininga11resultstogether，We丘nd  

ト1  

ギ＝糾竿］  （4．31）  

fbrtheequilibriumconstant，Where  

J（g－1）2  
（4．32）  exp（－ザ△鬼）  A（r）≡   

ge  

istheassociationconstant．  

Collectingallresultstogether，WefindthatthenumbervLOfl－merSinaunitvolumeofthe   

SOlutionobeysthedistributionlaw  

A（r）り（¢）γ′＝叫ノ，  （4．33）  

Where   

塑型 
ズ≡り（¢）¢1  

乃  

（4．34）  

isthenumberoffunctionalgroupsontheAmoleculesthatremainunreacted，Withtherenor－  

malizationfactorTl（¢）arisingfromsoIventproductionduringreaction・Thevolumefractionof  

thel－merSisthenglVenby  

（4．35）   ¢J＝乃J乃  

Withn］＝l17－1＋l．  

97  



4．2．4 ReactivityandtheAverageMolecularWbight   

LetusfirstconsiderthepregelreglmeWherethereisnoinfinitecluster・Wttakethesumof  

（4．33）overallsizesl，andfindthatthetotalnumbervofmonomersandclustersisgivenby  

（4．36）  A（r）り（¢）γ＝∫0（カ・  

Similady，thetotalvolumefraction¢oftheclustersat丘nalequilibriumisgivenby  

（4．37）  A（r）り（¢）¢＝（和一1）∫1（カ＋∫0（ズ）・  

TheseareWrittenintermSOfthemomentsofStocknayer，sdistributionfunctiondefinedby  

00  

∫由）≡∑晦ズ′（た＝0，1，2…）・  
J＝1   

Ifwedefineaparameterαbytheequation  

ズ≡α（1－α）J‾2，  

（4．38）  

（4．39）  

WeCaneXPreSSthesemomentsexplicitlyintermSOfα・Forinstance，  

α（1－′α／2）  

∫0（カ＝   

ぶ1（カ＝   

∫2（ズ）＝   

′（1－α）2’  

α  

′（1－α）2’  

α（1＋α）  

J［1－（′－1）α】（1－α）2●  

TbseethephysicalmeanlngOfα，1etuscalculatetheprobabilityfbrarandomiychosenfunc－  

tionalgrouptobeassociated．Sinceanl－merCamiesthetotalofflgroups，amOngWhich2（l－1）  

areaSSOCiated，theprobabilityofassociation（extentofreaction）isgivenby  

2【∫1（カー∫0（カ】  
（4．43）  

′∫1（ズ）   

byusingthenumberdistributionfunction（4．33）・Thisagreeswithα，andhence，Wefindthatα  

infactglVeStheconversion，Ortheextentofreaction・  
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Byusingα，Eq・（4・37）canbewrittenas  

A（r）り（¢）¢＝  

α（1一月α／2）  
（4．44）  

ム（1－α）2’   

whereji≡f／nisthenumberoffunctionalgroupspermonomerunitonaprimarymolecule・  

Thisconditionconnectstheconversionwiththepolymervolumefraction．Similarly，thenumber   

ofclustersisglVenby  

（1－′α／2）¢  
（4．45）  γ＝  

乃（1－月α／2）●   

Sinceanl－merCOntainsthenumberlofAmolecules，thetotalnumberofAmoleculesinthe  

solutionisgivenbyf2∑lvl，WhichmustbeequaltothenumberN＝◎f20／nofAmolecules  

mixedwhenthesolutionisprepared．Hencewehave  

（4・46）  蓋＝卜・言）芸，  
Where  

′n≡  （4・47）  

isthenominalnumber－aVeragemOlecularWeightoftheclusters・Similarly，Wedefine  

′w≡，  （4・48）  

fbrthenominalweightaveragemolecularWeight・ThesearedifftrentfromthetrueOneS  

∑拘γJ  

∑γJ’  

∑乃デγJ  

∑勒γJ’  

（4．49）  ＜乃J＞n≡  

（4．50）  ＜乃J＞w≡  

whichareObservedintheexperiments．Sincewehave左＝1／（1－fα／2）andた＝（1＋α）／【ト  

（f－1）α］intermSOftheconversion，Wefind  

蓋＝（1一笥冨  

Thetotalnumber（4．13）ofevaporatedsoIventmoleculesisgivenby  

（4．51）  

（1一月α／2）◎（1－¢）  
（4．52）   1－   

¢（1－◎）  
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Foraclosedsystem，Wehaveaconstantvolumeofthesolutionf2＝f20，andhence  

¢＝（1瑠◎・  （4．53）  

Asreactionproceeds，thevolumefractionoftheAmoleculesmonotonicallydecreasesdueto  

thesoIventproduction．   

4．2．5 ⅥlPOurPressure，GelPoint，andSpinodalCondition   

LetusstudyEq．（4．44），Whichconnectstheconversionwiththevolumeftaction．Itisrewritten  

intheform  

′¢  α（1－¢）  A（r）〆r）（1‾2¢）  （4．54）  
乃0一月α／2）（1－α）2   

ThismustbecomparedwithconventionalEq．（4・2）underequilibriumconditionfbundinthe  

literature．Obviously，【H20】＝1－¢isthenumberdensityofwatermolecules，butthereare  

twodi鮎rences．Thefirstoneisthevolumechangeduetoreaction．Thee鮎ctivevolumeof  

Amoleculesisreducedffomnton（1－＾α／2）．ThesecondoneistheinteractionbetweenA  

moleculesandwater・Itgivesrisetotheexponentialfactor，andrenormalizesthereactionfree  

energyfromβAjbtoβA鬼－X（T）（1－2¢）．Thelatterleadstoanonmonotonicconversion，Or  

re）ersereactionwhenmolecularinteractionx（T）isstrongcomparedwithreactionA鬼．By  

SOIvingEq．（4．54）withrespecttotheconversion，Wefinditexplicitlyas  

1＋c（¢）－1＋（2一月）c（¢）  
（4．55）  α＝   

力＋C（¢）  

Where   

（4．56）  C（¢）≡2A（r）ム叩（¢）¢  

isthescaledconcentrationofthefunctionalgroups．   

Letus・neXtCOnSiderreactivesolutionswhosevapourpressureiscontrolled。Thevapour  

PreSSureisglVenbythechemicalpotentialofwaterinthesolutionunderequilibriumcondition・  

We then find 

1n＝β如w。   
po  

lOO  

（4．57）   



FromEq．（4．18），tOgetherwithvofEq・（4・45），Wehave  

（1－1／乃）¢  
1n＝1n（1－¢）＋   
po   

＋加2  （4．58）  
1－ムα／2  

Inusualpolymersolutionswithoutreaction，theconcentration¢isacontrollableparameter・It  

is触edatthepreparatOryStage・Butfbrreactivesolutionstreatedhere，theconcentrationis  

notdirectlycontro11able・Instead，Wetakethevapourpressureasacontrollingparameter，and  

tryto丘ndhowtobringthesolutiontothegelpointwithoutphaseseparation・Wetherefore  

soIveEq．（4．58）withrespecttotheconversionandtheconcentrationforagivenpressureand  

temperature，Withthehelpoftheequilibriumcondition（4・54）・   

ThegelpolntCanbefoundfromtheconventionalconditionfbrtheweight－aVeragemOlec－  

ularWeight＜nl＞wtObecomeinfinite・ItisapercolationpointwherethelargeStClus－  

tergrowstomacroscopicdimensionsandspanstheentiresolution・、SimplecalculationglVeS  

α＝1／（f－1）≡α＊asintheclassicalFlory－Stockmayertheory・ⅥねthenfindfromEq・（4・54）  

thattheconcentration¢＊ofthesolutionatthegelpointisgivenbythecondition  

（′－1）【1一月／2（′－1）】  
（4．59）  A（r）力り（¢＊）¢＊＝   

（／－2）2   

Thisequationmustbecomparedwithourpreviousresult＾（T）甜＊＝（f－1）／（f－2）2forsimple  

pairwise？SSOCiationofpolyfunctionalmoleculeswithoutsoIventproductiondmingreaction［6］・  

Thee鮎ctofsoIventevaporation叩PearSmainlyinthefactor17（ダ）・Sinceitisanonmonotonic  

functionof¢＊whenx＞2，thegelphaseturnSbacktoasoIphaseastheconcentrationincreases  

atlowtemperatures（reentrantsoIphase）・   

Tbstudyphaseseparation，letusderivethesplnOdalconditioninthepregelreglme・From  

thechemicalpotential（4．18）fbrwater，and（4・19）withl＝1forasolutemolecule，Wefindthe  

diffbrencebetweenthetwocomponentsisglVenby  

勅仁王1叫1－1n（1－¢）・酔2¢）・  
（4．60）  βl⊥ニー   

Bytakingthederivative，WeAndthatthesplnOdalconditionisglVenby  

l       塑 
＋一身＝0，  

坤  
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WhereanewfunctionKisde丘nedby  

∂1n¢1  

∂1n¢  
〝（¢）≡  

ItisexplicitlyglVenby  

「
」
 
 

l
 
 
 

「
■
■
l
1
．
1
1
L
 
 
 

］
 
 
 

．
の
丁
 
 
 

島
 
 

／¢   

（4．63）  〟（¢）＝1＋  

2乃  1＋（1－月）α  

InthephasediagramSPreSentedbelow，WeCalculatedthesol／geltransitionlinesandspin－  

odallinesinthepregelregime．Thespinodallineslyinginsidethegelregion（1inesconnecting  

thepointAandB）onthephaseplanearedrawnbythinlines，Orbrokenlines，Onlyfbrguiding  

thereader’seyes．  

4．3 NumericalRes血1ts  

Fornumericalcalculationofthetemperature－PreSSurePhasediagrams，Wefixthenecessary  

parameterSinthe氏）11owingway・Ⅵ屯firstassumetheconventionalSchultz－FloryfbrmX（T）＝  

1／2－¢Tforthex－Parameter［22］，Where一丁≡1－0／Tisthereducedtemperaturedeviation  

measuredfromthereferencethetatemperatureOsatisfyingtheconditionx（0）＝1／2，and¢  

isamaterialparameterOforderumity・AtthetemperatureO，thesecondvirialcoe組cientof  

ahypotheticalFlory－HugglnSSOlutionwithoutchemicalreactionvamishes・Theequilibrium  

constantisthenexpressedasl（T）＝んexp（IEI／kBT）＝4）eXP［γ（1－T）】，Whereんgivesthe  

entropypartofthestandardreactionfreeenergy，andγ≡lEl／kBOthereactionenthalpyinthe  

unitofthethermalenergyatthereftrencetemperature・TherefbrencetemperatureOisnot  

thetruethetatemperaturewherethesecondvirialcoe伍cientA2（T）oftheosmoticpressure  

vanishes．ThelatterliesfarbelowO，becauseA2isrenormalizedto  

（1－1／瑚（r）ガ  
A2（r）＝一ガ（r卜   （4．64）  

byreaction．Throughoutthepresentnumericalcalculation，WefiⅩat¢＝1・0，ん＝1・0，and  

changesthereactionenthalpyγ・Forγ＞1・0，i・e・，thereactionenthalpyislargerthanthethermal  
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energyattherefbrencetemperature，WeCallthesolution”stronglyreactive”，andfbrγ＜＜1．O  

wecall”weaklyreactive”．Thefunctionalityandthemolecularweightofthepnmarymolecules  

are負Ⅹedatf＝4andn＝5asatypicalexampleinattemptingtoqpplythepresentstudyto  

pressurecontrolledsoVgeltransitioninpolycondensationofsilicicacidSi（OH）4inwater・   

4．3．1AthermalSolutions   

W白点rststudythesimplestcaseofathermalsolutionswherethereisnosoIvent－SOluteinter－  

action．Wthavex≡0．TheonlyparameterWeChangeinthecalculationistheassociation  

COnStantJl（T），OrthefreeenergyAjhofthereaction・Eveninsuchanidealcase，WeCanuSea  

Certain叩PrOPnatereftrencetemperatureO，andmeasurethetemperaturebythedimensionless  

ParameterT≡1－0／T・Thestrengthofthereactionisgivenbythedimensionlessenthalpyγ・   

Figure4．2showstheconcentrationofthesolutionasafunctionofthevqpourpressure，  

althoughthelatteristakenastheverticalaxis．ThetemperatureischangedfromcurvetO  

Curveintherange－4．0≦T≦1．0．Theconcentrationmonotomicallyincreaseswithdecreaslng  

PreSSure，i・e．，byremovlngSOIventvapour，duetothepromotionoffbrwardreaction・The  

COnVerSionisplottedagalnStthepolymerconcentrationinFigure4．3．TheyaremOnOtOnically  

increaslngfunctionsoftheconcentration．WtfirstfindtheequilibriumconcentrationforaglVen  

PreSSure丘omFigure4．2，andthen丘ndtheconversionunderthepressureftomFigure4・3．The  

COnVerSionisunlquelyfbundfbraglVenPreSSure・Bycoolingthesolution，theequilibrium  

COnVerSionbecomeslarger，SOthatthepopulationofthereactedfunctionalgroupsrel如iveto  

thetotalnumberofgroupsincreases・Thistemperatureeffbctisoppositetothereactionrate，  

Whichisaccelaratedbyheating・Thelatterisdecidedbytheheightoffreeenergybamierlying  

betweenreactedandunreactedstateofafunctionalgroup．ItismodifiedbypH，Catalysts，etC．  

Incontrast，theequilibriumconversionislargerWhenthereactionfreeenergylA鬼Iislarger  

COmParedtothethermalenergykBT・Studyofreactionrateisbeyondthescopeofthepresent   

PaPer・   

Figure4．4showsthesol／geltransitionlineonthetemperature－PreSSurePlaneasaphase  

diagramfbr3difftrententhalpyofreaction．Theyarefoundbythecondition（4．59）．Undera  
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Figure4．2：Polymerconcentration（horizontalaxis）plottedasafunctionofthevq）OurPreSSure  

（Verticalaxis）oftheathermalsoIvent・  

104   



日
 
工
Z
O
I
S
出
国
A
N
O
U
 
 

0．2  0．4  0．6  0．8  1．O  

CONCENTRATION¢  

Figure4．3：Theconversionofthefunctionalgroupsplottedagainstthepolymerconcentration  

PrOducedinthesolution．  
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Figure4．4：Thesol／geltransitionlinesdrawnonthetemperature－PreSSurePhaseplane・The  

enthalpyofreactionischangedfromcurvetOCurVe・  
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触edtemperature，fbrinstanceT＝－1．0，WemOVefromrighttoleftasthepressureislowered  

andhitthesol／gellineatln（p／po）＝－0．04foraweaklyreactivesolutionγ＝0．5．Thus，We   

CanCOntrOlthesol／geltransitionbypressuredrop．Wtcanalsostayonthetransitionlineby  

keeplngthepressure．Figure4．5showsthesamereSultshownonthetemperature－COnCentration  

Phaseplaneasusual・Thisphasediagramis，however，nOtuSefulbecausetheconcentrationin  

thereactionbathcannotbecontrolled．  

4．3．2 StrongReaction   

Ⅵねnextstudysolutionswith丘niteinteractionparameter．Reactioncompeteswithphasesepa－  

ration．InthecaseofstrongreactionwherereactionenthalpyislargerthanthemlXlngenthalpy，  

andhencetheparameterγislarge，theconversionincreasessharplywiththeconcentration・Fig－  

ure4．6showstheconcentrationasafunctionofthevapourpressure．Athightemperaturesitisa  

monotonicfunction．Oncooling，however，thetendencyforphaseseparationbecomesstronger⊥  

Asaresult，thevapourpressurebecomeslargerthanthatofthepuresoIvent，andshowsa  

maximumatacertainconcentrationasintheusualphase－SeParatingpolymersolutions［12］，for  

instanCe，inthecaseofγ＝1・OinFigure4・6・Givenapressurehigherthanthatofthepuresol－  

Ventatlowtemperatures，therearetWOCOnCentrationsglVlngthesamePreSSure・Ifthepressure  

isgraduallyincreasedintheexperimentbykeeplngequilibriumcondition，thelowerconcen－  

trationisrealized．Iteasilyreaches巴0．5underln（p／po）巴1．0forT＝－2・0・Figure4・7shows  

thecorrespondingconversionasafunctionoftheconcentration・ItreachesashighasO・8asis  

Shown．Thereisareversereactionintheregion¢＝0．6～0．8atlowtemperatures，butitisnot   

StrOng．   

InFigure4．8weshowforγ＝1．Othevapourpressuresurface（thingreylines），aSafunc－  

tionofthereducedtemperatureTandthepolymerconcentration，OnWhichthesoVgeltransition  

line（thinblackline）andthespinodalline（thickblackline）aredrawn．（Thebrokenlinein－  

dicatesthespinodallineinthepostgelregimeforguidingtheeyesofreaders・）Thesurfaceis  

CalledBakhuis－Rooseboomspacediagramintheliterature［23］・Wtcanobtainthepressure－  
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Figure4．5：ThesoVgeltransitionlinesdrawnontheusualtemperature－COnCentrationplane・  

ThereactionenthalpylSChangedfromcurvetOCurve・  
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Figure4．6：Polymerconcentration（horizontalaxis）plottedasafunctionofthevapourpressure  

（Verticalaxis）ofthesoIventforstrongreactionofγ＝1・0・  
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Figure4・7：Theconversionofthefunctionalgroupsplottedagainstthepolymerconcentration  

PrOducedinthesolution。Atlowtemperatures，theyarenotmonotonicallyincreaslngfunctions  

Oftheconcentrationduetothebackwardreaction．  
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Figure4・8：Three－dimensionaldiagramin the temperature－COnCentration－PreSSure SPaCe  

（Bakhuis－Rooseboomdiagram）withthesol／geltranSitioncurve（thinblackline）andthespin－  

Odallines（thickblackline）forstrongreactionofγ＝1・0・Thevapourpressureofthesolution  

isshownasthesurfaceindicatedbythegreythinlines・Thebrokenlineforthespinodalinside  

thegelreglOnisjusttoguidereader’seyes・TheareaOnthesurfaceindicatedby2◎isthe  

unstablereglOn．  
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concentrationphasediagramandthetemperature－COnCentrationphasediagrambysimplypro－  

jectlngthissurfaceontothecorrespondingplane。   

ThephasediagramPrqjectedontothetemperature－PreSSurePlaneisshownforthreevalues  

ofγinFigure4．9．Solidlinesshowthesol／geltranSitionlines・Thebrokenlinesshowthe  

stabilitylimit（SPinodalline）insidewhichthesolutionbecomesthermOdynamicallyunstable．  

ThepartconnectingthepointAandBlyinglnSidethepostgelreglmeisshownonlyfbrguiding  

theeyesofreaders・Itspreciselocationdependsonhowthereactioninsidethegelnetworkis  

treated，butneverthelesstheoverallstruCtureOfthespinodalboundaryremainsthesameirre－  

spectiveofthetreatment・Thereactionenthalpyγ1SChangedfromcurvetOCurveWithinthe  

strongreactionreglme・Ithasaspikeatacertaintemperature，1ikeaMsplnnlngりtoolasetymo－  

logicalonglnOfspinodal1ine・IfthesoIventwaterisevaporatedonasubstrateplanebelowsuch  

aspikepointtemperature，thesolutionisphaseseparated，SOthathomogeneouscoatingofthe  

substrateisimpossible・InFigure4・10，thephasediagramismappedontotheusualtemperature－  

concentrationplane．Thesol／geltransitionlinecrossesthetwo－Phaseregionindicatedbythe  

symbo12◎。Gelationisinterftredwithphaseseparation・Thephasebehaviorofcoexisting  

thermOreVerSiblegelationandphaseseparationhasbeenexploredintheseriesofstudy［6，7，8］。  

Forthepresentreactivesolutions，however，theconcentrationisnotanindependentvariable，  

butisdecidedbythevapourpressure・   

4．3．3 Ⅵ毎akReaction   

Figure4・11～4・15showtheresultsforweakreaction・Thereactionenthalpyγrelativetothe  

thermalenergylSaSSumedtotakethevaluewithintherangeγ＝0・05～0・15・Insuchweak  

reaction，thevanderⅥねalstypecontactinteractionfactorrガ（1－2¢）duetothechangeinthe  

numberofmonomer－WaterCOntaCtismoreimportantthanthereactionenthalpy，1nParticular，at  

lowtemperatures・ByglVlngPreSSure，thecondensationreactioniseasilypushedbacktoreduce  

thenumberofcontact・Thetendencytophaseseparationbecomesstrongerwithlowenngthe  

temperature・Asaresult，aVerylntereStlngreentrantSOIphase叩PearSathighpressure，Which  

interftreswiththephaseseparation．  
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Figure4．9：ThesoVgeltranSitionlines（SOlidlines）togetherwiththespinodallines（broken  

lines）drawnonthetemperature－PreSSurePhaseplaneinthecaseofstrongreaction・Theen－  

thalpyofreactionischangedfromcurvetocurve・ThetwocurveS（SOl／gelandspinodal）cross  

eachotheratthespikepointofthesplnOdalreg10nindicatedby2◎・ThereactionenthalpylS  

ChangedfromcurvetOCurVe・  
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Figure4．10：Thesol／geltranSitionlines（SOlidlines）togetherwiththespinodallines（broken  

lines）drawnontheusualtemperature－COnCentrationplane．ThetwocurveSCrOSSeaChotherat  

thetopofthesplnOdalreg10n．ThereactionenthalpylSChangedfromcurvetocurve．  
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Figure4．11showsthepolymerconcentration（horizontalaxis）plottedasafunctionofthe  

vapourpressure（Verticalaxis）ofwaterasbefbre・Atlowtemperatures，thevapourpressure  

showsapositiveshift，reaChesamaximumandthesharplydecreases．Suchpeaksindicate  

stronglyrepulsiveinteractionbetweenpolymersandsoIventmoleculesinthesolution．Iteven－  

tua11yleadstoaphaseseparation．Figure4．12showstheconversionofthefunctionalgroups  

PlottedagalnSttheconcentrationofpolymersproducedinthesolution・Atlowtemperatures，  

wenoticeastrongtendencytolowconversionafterpasslngamaXimumwithincreaseinthe  

POlymerconcentration，OrbyglVlnghighpressure・Forinstance，forthelowesttemperature  

T＝－4．Oinourcalculation，theconversionispushedbackaslowasO．25，Whichislowerthan  

thegelpointO．33．Thesolution，thus，gOeSbacktosoIphase・   

Figure4．13showsBakhuis－Roosboomspacediagramforthecaseofweakreaction．Ⅵね  

Canreadilyseethe叩PearanCeOfthereentrantSOIphaseatlowtemperaturewithhighv叩Our   

PreSSure・   

Prqjectingontothetemperature－PreSSurePhaseplane，Wehavesimi1arsol／geltranSition  

CurveSandthesplnOdalcurveStOthoseinthestrongreactioncaseasshowninFigure4．14，but  

thereisalargedi飴renceathighpressure．（ThreecurveSnearthespinodalspikefallnearly  

OntOPOfeachotherinthisaxisscale，SOthattheirdifftrencecannotbeseenclearlyinthis  

丘gure．）ThereappearSaClosedlooptypesolregionaswecanSeeinthefigure，Whoseposition  

dependsuponthereactionenthalpy．ThesearethereentrantsoIphases・Figure4・15showsmore  

Clear1ythesereentrantsoIphasesontheusualtemperature－COnCentrationphaseplane・Wtsee  

twogroupsofsoVgeltransitionlines：OneWiththesameShapeasinthestrongreactionatlow  

COnCentrations（SOl／geltranSition），theotherwithdomeshapeathighconcentrations（gel／SOl  

transition）．Suchnewcooperativephenomenabetweengelation（COnneCtionofmoleculesby  

Chemicalbonds）andphaseseparation（COeXistingtwodi鮎rentphases）bychangingthevapour  

PreSSureindicatepotentialapplicationsofthepressurecontrolledsol／geltranSfbrmationinpoly－  

COndenslngSyStemS．  

115   



（
。
阜
d
盲
一
国
錮
n
S
S
日
出
d
出
n
O
d
＜
A
 
 

0．2  0．4  0．6  0．8  1．O  

CONCENTRATION¢  

Figure4．11：Polymerconcentration（horizontalaxis）plottedasafunctionofthevapourpressure   

（Verticalaxis）ofthesoIventforweakreactionofγ＝0．1．  
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Figure4・12：Theconversionofthefunctionalgroupsplottedagainsttheproducedpolymer  

COnCentrationinthecaseofweakreaction．  
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Figure4．14：Thesol／geltranSitionlines（SOlidlines）togetherwiththespinodallines（broken  

lines）drawnonthetemperature－PreSSurePhaseplaneinthecaseofweakreaction・Theenthalpy  

ofreactionischangedffomcurvetOCurve・ThetwocurveS（SOl／gelandspinodal）crosseach  

otheratthetopofthesplnOdalreglOn・ThereactionenthalpylSChangedftomcurvetOCurve・  
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Figure4．15：Thesol／geltransitionlines（SOlidlines）togetherwiththespinoda11ines（broken  

lines）drawnontheusualtemperature－COnCentrationplaneforweakreaction・ThetwocurveS  

crosseachotheratthetopofthespinodalregion（Phaseseparationregion）・Thereactionen－  

thalpylSChangedfromcurvetOCurVe．  
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4．3．4 ReactioninClosedSystems   

Whenreactiontakesplaceinaclosedvessel，thevolumeiskeptconstantf2＝f20，SOthatwe  

havetherelation（4．53）．Thepolymerconcentrationisreducedbythefactorjiα／2asreaction  

PrOCeedsduetotheproductionofwatermolecules・TheconversionisthenfbundfromEq・（4・44）  

asafunctionoftheinitialconcentration◎．Explicitly，theequationfbrα1eadsto  

2ん柚（トα）2expk（r）仏◎α＋1－2◎）］＝［2（1－◎）＋ム◎α】α・  （4．65）  

ThespinodalconditionremainsthesameaSEq・（4・61），buttheconcentrationis 

Closedsystemcondition（4・53）・   

Figure4・16and4・17showtheconversionasafunctionoftheinitialconcentrationfora  

strongandweakreaction・TbmperatureisvariedfromcurvetOCurVe・Comparedtothepressure－  

COntrOlledopensystems，thebackwardreactionisenhanCedduetotheelevatedpressureby  

reaction．ThereentrantsoIphasesappearmOreeaSily（Figure4・18）・  

4．4 ConclusionsandDiscussion  

WthaveshowntheadvantagetobringthepolycondenslngSyStemStOthegelpointsbycontrol－  

1ingthevapourpressure．Inacommoncaseofprimarymoleculeswithf＝4andn＝5，thegel  

POintcaneasilybereachedbydepresslngthevapourpressurebyoneorderofmagnitude・Ina  

weakreaction，WeShowedthatitispossibletomovebacktoasolffomagelbyglVlngPreS－  

sure・ThethermOdynmicconditionstoreachthegelpointwithoutphaseseparationcanalso  

befbundbythetheoreticalconsiderationglVeninthisstudy・SuchthermOdynamicdescription，  

combinedwithreactionkinetics，thereforeturnedouttobeusefulnotonlyforthefundamental   

researChbutalsoforthepracticalqpplications・   

Fromthetheoreticalpointofview，thetreatmentofthepostgelreglmeafterthegelpoint  

ispassedisimportantbecausetheconversioninthegelpartandthatinthesoIpartmaybe  

di鮎rent［4，18】．Historical1y，SeVeralconsistenttheoreticaltreatmentshavebeenproposed・The  

PrOblemrequlreStheinclusionofatleastoneadditionalunknownparameterdefimingtherelative  
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Figure4・16：Theconversioninclosedsystemisplottedagainsttheinitialconcentrationof  

functionalmoleculesinthestrongreactioncase・TbmperatureisvariedfromcurvetOCurve・  

Thestrongbackwardreactioncanbeseenathighconcentrations・  
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Figure4．17：ThesameaSFigure4・16，butinthecaseofweakreaction・  
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Figure4．18：TypicalphasediagramOfaclosedsystemwithsol／geltransitionlines（thicklines）  

andthespinodalline（thinbrokenlinesofdomeshape）drawnonthetemperatureandinitial  

concentrationplane．Thereactionenthalpyisvaried血・Omγ＝0・02（innercurve），γ＝0・04  

（middlecurve），andγ＝0．06（OuterCurve）．LargereentrantSOlregions叩Pear・  
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PrObabilityofoccurrenceofintra－andinterm01ecularreactions・Ⅵねhaveavoidedthisproblem，  

andconfinedthepresentstudytothepregelreglmeandthegelpolnt・  
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Chapter 5 

Time－DependentPhaseDiagrams伽r  
Gelation-Induced Phase Separating 

Systems  
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5．1Introduction  

Inareactivepolymersolution，Phaseseparationregionexpandsasthereactionproceeds（re－  

actiontimeincreases）．Wbusuallycallsuchphenomenon”polymerizationinducedphasesep－  

aration”．Inthecaseofamonomerwhichhasmorethan3reactivesites（functionalgroups），  

thesolutionpropertychangescomplicatedlyasthereactionproceedsduetothecompetition  

betweengelationandphaseseparation・Thus，itisespecia11ycal1edMgelationinducedphase  

SeParation”．ItisinterestlngtOPredicttime－dependentphasebehaviorfromonlytheconditions  

SuChasreactiontemperatureandinitialratioofmonomerandsoIvent・Then，thisprediction  

glVeSimportantknowledgetoelucidatebothreactionmechanismandphaseseparation。   

ThereareSOmeStudiesoftime－dependentsolutionproperties・Forexample，（1）phasesepq  

arationtimeisestimatedby血eologicalandDSCmeasurementsastheconcentrationofreac－  

tantsarechangedthendiscussedaboutthemechanismofphaseseparation［1，2，3］．（2）Time－  

dependentcloudpolntSOnthetemperature－COnCentrationplainistheoreticallyderivedinsimple  

POlymerizationsystems［4］．（3）Gelationtimeisestimatedwhentheratioofmonomerconcen－  

trationischanged［5，6，7，8，9］．Thereareftwstudies，however，thattheoreticallyderived  

time－dependentphasediagraminthegelation－inducedphases印arationsystemandsuggestthe  

mechanismofbothgelationandphaseseparationasreactionproceeds．   

Thepurposeofthisstudyistosuggestnewanalysisshowlngtime－dependentphasediagram  

WithfocusonaggregationandreactionbysoIvingtime－eVOlutionequationsinpolycondensation  

SyStemS・Inchapter4，Wetheoretica11ystudiedonthepressure－andthetemperature－COntrOlled  

thermOreVerSiblegelationandphaseseparationinpolycondensationsystems・Ⅵ屯alsosuggested  

themechamismofgelationconsideringthebyproductofwaterandvapourpressure．Fromthe  

Study，agelpointcanbeeasilyreachedbydepresslngthevq）OurPreSSureinastrongreaction  

（thereactionenthalpyislargerthanthethermalenergyatthereftrencetemperature）．Ina  

Weakreaction，itispossibletomovebacktoasolfromagelbygivingpressure（reentrantSOI  

Phase）．ThethermOreVerSibleconditionstoreachthegelpointwithoutphaseseparationcanalso  

befound・Bydevelopingthispressure－COntrOlledtheoryandthencombiningwithkineticsof  
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reaction，WeCalculatetime－dependentphasediagramSandconversiondiagramSOfgelationand  

Phaseseparationandestimategelationtimeinassociative－andreactive－SOlutionswithfbcus  

Onthee鮎ctofbyproductofwatermolecules（SOIventmolecules）．  

5．2 KineticTheoryofReactingPolymerSolutions  

5．2．1Reaction・ControlledSystemsandDi伽sion・ControlledSystems   

Inthisstudy，Wederivethetheoryofgelation－inducedphaseseparationpaylngattentionto  

PrOCeedingofpolycondensation．Itisdi氏culttoapplytheFlory－HugglnSequationundernon－  

equilibriumcondition．Now，WeCanaPPlythisequationtosuchreactivesolutionsconsidering  

rate－COntrOllingstep．Therate－COntrOllingstepisdividedintotwosystems－reaCtioncontrolling  

SyStemanddi飢1Sioncontrollingsystem（SeeFigure5．1）．Thedi軌1Sion－reaCtionequationfor   

anl－merisglVenby  

・∇・J′＝柵，  （5・1）  

Wherevlisthenumberconcentrationofl－merS，Jzisflowrate，andRl（v）isreactionterm，re－   

SPeCtively．  

TherelaxationtimeofreactionT，andofdiffusionTdareglVenby  

Wherekisthereactionrateforforwardreaction，Rgisradiusofgyration，Disdiffusioncon－  

Stant，reSPeCtively．InthecaseofTd＞＞T，，thetimewhenthesystemreachesatthediffusion－  

equilibriumismuchlongerthanthatofthereaction－equilibrium，thusitisthedi軌ISion－COn－  

trollingsystem．InthecaseofT，＞＞Td，itisthereaction－COntrOllingsystem．Inthisstudy，  

WeCanregardpolycondensationasreaction－COntrOllingsystem．Ⅵねcanneglectthee鮎ctof  

diffusion，thenthesolutionreachesatlocalequilibriumstateimmediately．Thus，WeCanaPPly   

theFlory－HugglnSequation．  
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Figure5・1：Schematicimageofreactioncontrolledsystemanddi乱sioncontrolledsystem・Rg  

isradiusofgyration，DisdifFusionconstant，Jlis且owrate，andTisrelaxationtime・  
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5．2．2 DefinitionsoftheModelSolutions  

LetusconsiderfunctionalmoleculesA（re年rredtoasAmolecule）dissoIvedinwater（SOIvent）・  

Tbdiscussthee鮎ctofthebyproductofwatermoleculesinthereaction，WetreattWOSyStemS  

－Oneisthatwatermoleculesreactwiththereactantssuchaspolycondensation，theotheristhat  

soIventmoleculesdbnotTt！aCtWiththereactants．WtcallsimplythatthefbrmerSOIventis   

activesoIvent，thelatterisinactivesoIvent．   

Letfbethenumberoffunctionalgroups（forexample－OH）onanAmolecule，andletn  

bethevolumeofanAmoleculemeasuredrelativetothemolecularVOlumea30fthesoIvent   

molecule（H20）．Ⅵ屯mixthenu血berNofprimaryAmoleculeswiththenumberNbofthe  

soIventmolecules，bothinthestandardreferencestate．Thevolumeofthesolutionis V＝  

（Nb＋nN）a3．Inwhatfo1lows，WeStudyourreactivesolutionsonthebasisofthelatticetheory  

ofpolymersolution［10，11，12］，SOthatthevolumeismeasuredintermSOfthetotalnumberf2  

0fthelatticece11s．Hencewehavef2＝Nb＋nNfortheinitialvolume，andf2＝竹a3．The  

VOlume打a．ction¢ofthepolymersinactivesoIventchangesasafunctionofreactiontime，and  

isdiffbrentfromthatoftheimitialsolution◎≡nN／f20．InthecaseofinactivesoIvent，¢iskept   

COnStant¢＝◎．  

Wtassumethereaction  

（5．4）  JA≠AJ＋△和才H20   

forpolycondensationofAmolecules，WhereAnlisthenumberofwatermoleculesproduced  

whenanl－merisformedfromthenu血berlofpnmarymoleculesbyreaction・Ininactive  

soIvent，AnL＝0．Thevolumen10fl－meristhenglVenby  

（5．5）   拘＝加－△乃ト  

InanactivesoIvent，thenumberAnlmayChangefromtheminimuml－1（treeform）tofl／2  

（COmPletereaction），butherewesimplyconsidertreeformSOnlyandneglectinterna1loops・Ⅵ屯  

thenemploytheclassicaltheoryofgelation［13，14，15］・Theefftctofcyclefbrmationwithin  
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POlymerscanbetakenintoconsiderationstepbystepbytheusualspanning－treePrOCedure［13］，  

buthereweconfinetreestatistics．ⅥねthenhaveAnl＝l－land  

乃J＝山一（ト1）．  （5．6）   

Asreactionproceeds，theaveragemolecularWeightoftheconnectedclustersgrows，and  

eventuallybecomesinfimiteatthegelpoint．Let州bethenumberofl－merS，andletNGbethe  

numberofAmoleculesinthegelnetwork．ThevolumeofthesolutionisthenglVenby  

n＝鞠・∑（ト1弼・△乃G㌦・∑蛸…G㌦，  
J≧1  J≧1  

（5．7）  

wherenGisthee鮎ctivevolumeofanAmoleculeinthegelnetworkandAnGisthenumberof  

CrOSSrlinksonit．ThefirstthreetermSglVeSthetotalnuniber  

軋≡穐・∑（g－1珊・△乃G㌦  

J≧1  

（5．8）  

Ofwatermoleculesinthesolution・ThevolumefractionofthepolymerinthesoIpartisglVen  

by  

¢∫＝妄誓，  
¢G＝     n ●  

（5．9）  

andthatinthegelpartis   

（5．10）  

Thetotalvolume丘actionofthepolymerisgivenby¢＝4S＋¢G，andthevolume丘actionof  

Wateris  

n  
れ≡＝1－¢．  

Thegelfractionwisdefinedbytheratio¢G／¢。   

5．2．3 FreeEnergyoftheReactiveSolutions  

（5．11）  

Ⅵ屯applythelatticetheoryofassociatingsolutions［10，11，12］tothepresentpolycondensation  

SyStem，andstartfromthefreeenergy   

即＝鶴1n（ト¢）・∑附n動＋ガ（r）瑚1－¢）＋∑蛸＋∂（卵ⅣG， （5・12）  

J≧1  J≧1  
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Whereβ≡1／kBT，X（T）isFlory’sinteractionparameter，and  

△J≡β帰一帰）  （5．13）  

isthe丘eeenergychangeinfbrmlnganl－merfromthenumberlofseparatedpnmarymolecules  

inthestandardrefbrencestate．Thevolume丘actionofthel－merSisglVenby  

町叫  

¢′≡す，  （5．14）  

anditsnumberdensityisglVenby   

弼  

γJ≡－   n●  

（5．15）   

Wtcanfindthechemicalpotentialfbreachcomponentbytakingderivativesofthefree  

energywithrespecttothecorrespondingnumberofmolecules・鴨丘nd  

β如w＝¢＋1n（1－¢）－γ＋ガ〆  （5．16）  

forthewater，and  

β勅＝1＋△汗1叫′一明（1・－¢＋γ）＋ガ乃∫（1－¢）2  （5．17）  

foranl－mer，Where  

γ≡γ′  （5．18）  

isthenumberofmonomersandclustersthatpossesscenterofmasstranslationaldegreeof   

丘eedom【10，11，12］．  

5．2．4 EquilibriumConditions   

Ineachstateofreaction，thereactionreachesachemicalequilibrium，Wehavetheconditionin   

thesoIpartandgelpart，reSPeCtively  

g4〃1＝上叫J＋（ト1）勾Jw，  

∠叫1＝如デ．  
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Substitutingthechemicalpotentialsintothisequilibriumcondition，Wefindthatthevolume  

fractionofthel－merSisglVenby  

¢′＝瑚，  （5．21）  

Where   

＆（¢）≡eXpト△J＋（ト1加（r）（1－2¢）］  （5．22）  

istheequilibriumconstantofthereaction，and¢1isthevolumefractionoftheprimarymolecules  

thatremainunreacted．Incontrasttothesimpleassociationwithoutproductionofthesolvent  

molecules，theequilibriumconstantdependsontheconcentrationthroughtheinteractionterm  

Withx－Parameter．Suchconcentrationdependenceappearsfromthechangeinthenumberof   

monomer－SOIventcontactsduringthereaction．   

5．2．5 RateEquationsofthePolycondensationReactions   

LetusdefineandsoIvetherateequationinaninactivesoIventsystem．Wtassumethereaction  

dA＋A－≠－A－A－。  （5．23）  

Therateequationfor（5．23）isthat  

d（¢α）  

め  
＝た匝（1－α）】2－た′¢α．   （5．24）  

Whereゆ≡f¢／nisthetotalconcentrationoffunctionalgroups，αistheconversion，andk，k’  

aretherateconstantofforwardandbackwardreaction，reSPeCtively．Thus，ゆα，¢（1－α）is  

theconcentrationofreactiveandun－reaCtivefunctionalgroups，reSPeCtively．Theequilibrium  

COnStant＾isde丘nedby＾≡k／k，．ⅥねsoIveEq．（5．24），αisexpressedasafunctionofreaction  

timek′t．Wtnoticethatthereactiontimetisscaledbyk′．Inthissystem，thetotalconcentration  

OfmonomerandpolymerarenOtChangedduringthereaction，thus¢＝◎，Q＝V，Where◎，V  

aretheimitialvolumefractionandtheinitialnumberdensltyOfmonomer，reSPeCtively・  

α1（α。－α2）－α2（α0－α1）g‾r′  
α（r）＝   （5．25）   

（叫－α2）－（勒－α1）g‾n  
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α1，α2arethesolutionsoftheequationノ坤（1－α）2－α＝0，thenexpressedbyEqs．（5．26）and  

（5．27）．  

α1＝臣2伸一何万）   （5・26）  

α2＝（＝宣伸＋イ日石両）   （5・27）  

0≦α1≦1≦α2，thus，α1isthestablesolutionandα2istheunstablesolution．risdefined  

byr＝r（Q）＝JT77布．α。istheimitialconversion，uSuallyα。＝0．Attheequilibrium  

State，α（∞）＝α1bysubstitutingt→∞intoEq．（5・25）・Wthavethreecompositions－mOnOmer，  

POlymer，andwater（SOIvent）・TheseconcentrationQl，¢p，Qware  

れ＝1－¢，  

¢1＝¢（トα）／，  

¢ク＝卯1－（トα）／】．  

InthecaseofanactivesoIventsystem，WeaSSumethereaction  

－A＋A－≠－A－A－＋AnH20．   

Tbsimplify，WeaSSumeAn＝1，therateequationfbr（5．31）isthat  

（5．31）  

d仲α）   

df  
＝た匝（1－α）】2－たVα（ト¢）．   （5．32）  

Awatermoleculeisformedonfbrwardreaction，thus¢＝（1－＾α／2）◎≠◎，¢＝V（1－α）≠V  

WhereJi≡f／n．WtcanrewriteEq．（5．32），  

＝朋里－α）2－α（1－¢）．  
め   

Atequilibriumstatedα／dt＝0，αisexpressedby  

（5．33）  

′¢  α  

（1－¢）．   （5．34）  
乃（1一月α／2）（1－α）2  

ComparedwithEq．（4．54）inthepressured－COntrOlledsystemattheequilibriumstate，＾should  

be＾＝＾er（1－2¢）・Nowtherateequationis  

＝AV〆ト2¢）（1一α）2－α（ト¢）  
dJ  
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Thisequationishighlynon－1inear・Ql，¢p，Qware  

れ＝1十書α）◎，  
¢1＝◎（1－α）′，  

¢ク＝小一喜α－（1－α）′］・  

5．2．6 GelPoint，GelationTime，andSpinodalCondition  

Wtemploythesamede丘mitionofsection2・5inchapter4asthedefimitionofgelpolnt・Gel  

pointisapercolationpointwherethelargeStClustergrowstomacroscopicdimensionsand  

spanstheentiresolution．Simplecalculationgivesα＝1／（f－1）≡α＊asintheclassicalFlory－  

Stockmayertheory．WtthenfindfromEq・（4・54）thattheconcentration¢＊ofthesolutionatthe  

gelpointisglVenbythecondition・   

ThegelationtimeisthetimerequiredtoreachthegelpointfromanarbitrarilyglVeninitial  

state。ちSatisfiestheconditionα（ち）＝α＊・InaninactivesoIventsystem，fromEq・（5・25），ちis  

given by 

1．（1－′′α1）（α0－α2）  
（5。39）   ち＝ln  

（1一／′勒）（α0一α1）●  

Tbstudyphaseseparation，letusderivethesplnOdalconditioninthepregelreglme・Ⅵねcan  

neglectthechemicalpotentialofthegelpart・ThederivationissameaSinsection2・5inchapter  

4・ThesplnOdalconditionisglVenby  

・一雛0  如巨晋長  （5．40）  β卜⊥ニー  

WhereanewfunctionKisdefinedby  

（5．41）  〟（¢）≡  

ItisexplicitlyglVenby  

1一／′α  

（5．42）  β1（ズ），  〟＝  

1－α   

Wherex＝2J坤andDl（x）is  

β1（カ＝  

α（α2＋α1g‾rり＋（1－αα1）血イー  
（5．43）   

r（1－e‾rり   
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Thus，α（t）isatime－dependentparameter，Wedevelopthephaseseparationtheorydependingon  

thereactiontimet．  

Inthepostgelregime，Wehavetoconsiderthegelpart，thusK（¢）isgivenby  

〟（¢）＝孟（1…G孟）1nれ  （5．44）  

wherewGistheratioofgelphase・   

Wbemploytwotreatmentsinthepostgelregime－Stockmayer’streatment【15］andFlory’s  

treatment【13，14］（thedi鮎renceiswritteninsection2．3inchapterlandsection2・5inchq）ter   

3）．   

Stockmayer，streatmentisverysimplespinodalcondition，K（¢）＝0・  

InthecaseofFlory，streatment，WehavetosoIvetherateequationofbothsolandgel  

part．WtneedtointroducetheseequationstoanunknownfunctionQ（t）relatedthatsoIcluster  

convertsintogelclusterbyreactionanditsreverseconversion・TbdefineQ（t）isverycomplex  

problem・Ⅵ屯avoidthisproblem，thenweusetherelationattheequilibriumcondition，  

乃 γ ‾（1－αぶ）2’  

whereαS，¢SistheconversionandthevolumefractionofsoIphase，reSPeCtively・Thus，K（¢）is  

given by 

（1＋α∫）（α－′′α）  α（1－α）  1－J′α   

（5．47）  〟（¢）＝  
（1＋α）（α－J′α）   

wSistheratioofsoIphase．wS＝¢S／¢isgivenbyEqs・（5・45）and（5・46）・  

5．3 NumericalResults   

Fornumericalcalculationofthetemperature－COnCentrationphasediagrams，We丘Ⅹtheneces－  

saryParameterSinthebllowlngWay・Ⅵ短点rstassumetheconventionalSchultz－Flory  

x（T）＝1／2－¢Tfbrthex－Parameter［16］，WhereT≡1－0／Tisthereducedtemperaturede－  

viationmeasuredfromthereferencethetatemperatureOsatisfyingtheconditionx（0）＝1／2，  
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and¢isamaterialparameterOforderunity・Theequilibriumconstantisthenexpressedas  

＾（T）＝んexp（IEl／kBT）＝んexp［γ（1－T）］，Whereんgivestheentropypartofthestandard  

reactionfreeenergy，andγ≡IEI／kBOthereactionenthalpyinthemitofthethermalenergy  

attherefbrencetemperature・ThereferencetemperatureOisnotthetruethetatemperature・  

Throughoutthepresentnumericalcalculation，WefixatQ＝1・0，ん＝2・0，γ＝0・l・Thefunc－  

tionalityandthemolecularWeightoftheprimarymoleculesarefiⅩedatf＝4andn＝5asa  

typicalexamPleinattemptingtoapplythepresentstudytotime－dependentsol／geltransitionin  

POlycondensationofsilicicacidSi（OH）4inwater・   

5．3．1InactiveSolvent   

WtfirststudyaninactivesoIventsystemwherethesoIventmolecules（Water）donotreactwith  

thereactants・Atthissystem，Whenthemonomerconcentrationishigher，theconversionαis  

higherandthereactionrateisfaster・Figure5・2showsthetime－dependentphasediagramOfan  

inactivesoIventsystemshowlngPhaseseparationandgelationasfunctionsofimitialconcen－  

tration（horizontalaxis）andreactiontemperature（Verticalaxis）・Atlowertemperature，Phase  

separationprecedesgelation・Forinstance，attheconditionof◎＝0・35，T＝－0・4，atk／t＝  

0・5，thispointentersthephaseseparatedreglOnandtheconcentratedphasehavenotreached  

agelpoint，SOthesolutionissoVsoIphaseseparatedsolution・Atk′t＝3・Owhereisnearterd  

minationofreaction，theconcentratedphasereachesagelpoint，thesolutionchangessol／gel  

Phaseseparatedsolution・Inthecaseofhighertemperature，however，thesolutionisnotphase  

SeParated・Forinstance，attheconditionof◎＝0・35，丁＝qO・1，eVenatk′t＝3・0，thesolution  

keeps homogeneous sol phase. 

Figure5・3showsthetriangulartime－dependentphasediagramandtheconversionphase  

diagraminaninactivesoIventsystemshowlngPhaseseparationandgelation・Thereaction  

temperatureisfixedatT＝－0・4・Thecomponentconsistsofmonomer，POlymer，andwater・  

Fromthisfigure，thebaselineshowstheinitialcondition・InthecaseofinactivesoIvent，the  

totalconcentrationofmonomerandpolymerareCOnStant，SOthestatepolntadvanCeStOWards  

leanlngtOtheleftfromthebaselineinparal1elwiththeP－Mlinewhenthereactionproceeds・  
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Figure5・2：Time－dependentphasediagramshowlngPhaseseparationandgelationinaninactive  

SOIventsystem．Sol／geltransitionlines（dashlines）togetherwiththespinodallinesdrawnonthe  

usualtemperature－initialconcentrationplane・SpinodalsinthepostgelreglmeareCalculatedby  

twotreatments：Flory’streatment（thickline），Stockmayer’streatment（thinline）・Thereaction  

timek′tischangedfromcurvetOCurve・  
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Figure5・3：Time－dependenttriangularPhasediagramShowlngPhaseseparationandsol－gel  

transitioncurve（SOlidline）inaninactivesoIventsystem．ConversioncurveS（dottedlines）and  

statelineatthesametime（dashlines）aredrawn．ftM，andWstandforthecompositionof  

Polymer，Monomer，andⅥねter，reSPeCtively．  
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Athigherconcentration，forinstanceinthecaseof◎＝0・8，thesolutionchangesasfbllow；  

（a）imitialcondition（t＝0），（b）thesolutionreachesagelpointatk′t＝0・5，（C）thereactionis  

teminatedatequilibriumcondition（k′t→∞）・Atlowerconcentration，fbrinstanceinthecase  

of◎＝0．4，Whenthereactionproceeds，（d）initialcondition（k′t＝0），（e）thesolutionisphase  

SeParatedintosol／soIphaseatk′t＝0・5・   

5．3．2 ActiveSoIvent   

Ⅵ厄nextstudyanactivesoIventsystemwherethewatermoleculesreactwiththereactants・  

Figure5・4showsthetime－dependentphasediagramofanaCtivesoIventsystemshowlngPhase  

separationandgelationasafunctionofinitialconcentration（horizontalaxis）andreactiontem－  

perature（Verticalaxis）．Thereisdi鮎rentbehaviorfromtheinactivesoIventsystem・Atlower  

temperature，theactivesoIventsystemchangesatthesamewayastheinactivesoIventsystem  

withtheprogressofthereaction・Forinstance，attheconditionof◎＝0・35，T＝－0・4，atk／t  

＝0．5，thesolutionisphaseseparatedintosol／soIphases・Atk′t＝1・0，theconcentratedphase  

reachesagelpoint，thesolutionchangessol／gelphaseseparatedsolution・Inthecaseofhigher  

temperature，however，thereisslgnificantdi鮎rencebetweenthesesystems；gelationprecedes  

phaseseparation・Forinstance，atthepointof◎＝0・35，T＝－0・1，atk，t＝1・0，thesolutionis  

homogeneousgelphase・Atk′t＝3・Owhereisneartheteminationofthereaction，inaddition  

togelation，thesolutionisphaseseparated・Eveninthedilutephasethesolutionreachesagel  

POint，thesolutionchangesgel／gelphaseseparatedsolution・   

Figure5・5showsthetriangulartime－dependentphasediagramandtheconversionphase  

diagramintheactivesoIventsystem・Thereactiontemperatureis丘xedatT＝－0・4・Inthe  

caseofactivesoIventsystem，thewatermoleculesareformedandtheconcentrationofwater  

isincreasedwhenthereactionproceeds・Fromthiseffbct，thetraceofstatepointcurvesinthe  

leftfromthebaseline・LetuscomparetheinactivesoIventsystemtotheactivesoIventsystem・  

IntheinactivesoIvent，iftheconcentrationincreases，thereactionproceedsfaster．Ontheother  

hands，intheactivesoIvent，iftheconcentrationincreases，thereactionproceedsslower・Atthe  

143   



ト
＼
①
・
l
＝
P
再
出
n
↑
芸
西
d
せ
名
西
ト
q
国
U
n
自
国
出
 
 

l
 
 

仇
 
 
 

－
 
 

－0．2  

ー0．3  

－0．4  

－0．5  
0．0  0．2  0．4  0．6  0．8   

INITIALCONCENTRATION◎   
Figure5・4：SameasinFigure5・2，butinanactivesoIventsystem・  
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Figure5．5：SameaSinFigure5．3，butinanactivesoIventsystem・  
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equilibriumstate，thereactionintheactivesoIventproceedsbetterthanintheinactivesoIvent．  

TheactivesoIventsystemiseasierphaseseparatedthantheinactivesoIventsystem・   

5．3．3 GelationTime  

Ⅵねde丘nethegelationtimehowlongdoesthesolutionreachagelpointfromthestartofthe  

reaction・Wtnotethatthegelationtimeち1SSCaledbytherateconstantofbackwardreactionk′．   

Figure5．6showsthegelationtime（horizontalaxis）plottedasafunctionoftheinitial  

monomerconcentration（Verticalaxis）inaninactivesoIventsystem．Thegelationtimede－  

CreaSeSmOnOtOnOuSlyastheinitialconcentrationofmonomerincreases・Thereactiontem－  

PeratureTislower，thegelationtimeisshorteratthesameinitialconcentration・Howeverthe  

di鮎renceofthegelationtimebythereactiontemper4tureisverysmall．Wtcanalsodetemine  

thecriticalconcentrationofgelation．Itisestimatedapproximately◎＊＝0．41．   

Figure5．7showsthegelationtimeplottedasafunctionoftheimitialmonomerconcentration  

inanactivesoIventsystem．ThegelationtimedecreasesandithasaminimumpolntaStheinitial   

COnCentrationofmonomerincreases，thenitincreasesathighconcentration．Wtcan点ndthe   

moste伍cientconcentrationforgelationtime．At◎＝0．6，thegelationtimehastheconstant  

Valueifthereactiontemperatureischanged．InthedensereglOn，ifthereactiontemperature  

increases，thegelationtimeislonger．Figure5・8showstheinitialconcentrationwhichhasthe  

minimumgelationtimeplottedasafunctionofthereactiontemperature．Therelationbetween  

thetemperatureandtheconcentrationisnearlylinear．   

LetuscomparetheactivesoIventsystemtotheinactivesoIventsystem．Figure5．9shows  

thegelationtimefbrbothsystemsplottedasafunctionoftheinitialmonomerconcentration  

atthereactiontemperatureT＝－0．3．Atlowerconcentration，thegelationtimeintheactive  

SOIventisshorterthanintheinactivesoIvent．Ontheotherhand，athigherconcentration，there  

isreverserelationbecausethegelationtimeintheactivesoIventhasaminimumpoint・  
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5．4 ConclusionsandDiscussion  

Wbhavetheoreticallystudiedthegelation－inducedphaseseparationbyuslngtlme－dependent  

Phasediagramsinacommoncaseofprimarymoleculeswithf＝4andn＝5．Wtcanpredict  

thechangeofthesolutionpropertieswiththeprogressofpolycondensationffomtheinitialcon－  

Centrationandthereactionte叩erature，fbrexamPle，WeCanfindtheinitialconditionswherea  

gelpointisreachedwithoutphaseseparation．Therearetwotypesinthesolutionofphasesep－  

arationandgelation－Phaseseparationprecedetypeandgelationprecedingtype．Inthephase  

SeParationprecedingtype（inactivesoIventsystem），thesolutionchanges丘omhomogeneous  

SOl，SOl／soIphaseseparated，thensol／gelphaseseparatedsolution・Attheteminationofthe  

reaction，Sinceagelpointisnotreachedinthedilutephase，thesolutionremainssol／gelphase  

SeParatedsolution．Inthegelationprecedingtype（activesoIventsystem），thesolutionchanges  

fromhomogeneoussol，homogeneousgel，thengel／gelphaseseparatedsolution．   

恥alsocalculatethegelationtimeinbothsystems・ThegelationtimeintheinactivesoIvent  

SyStemdecreasesmonotonouslyastheinitialconcentrationofmonomerincreases・Thisis  

becauseitiseasytocontacteachfunctionalgroup，thenthereactionrateisfasterandthe  

COnVerSionαishigher．IntheactivesoIvent，thegelationtimehasaminimumpolntWhere  

isthemoste伍cientconcentrationfbrgelation．Athigherconcentration，Wehavetoconsider  

thefbrmationofthewatermoleculesbyfbrwardreaction・Theopportunitiesthatcontacteach  

functionalgrouparedecreasedbythefbrmationofthesoIventmolecules・Thise飴ctmakes  

boththereactionrateslowerandphaseseparationeasier・  
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Inchapter2，theauthorhastheoreticallystudiedsharpphaseseparationinaqueousther－  

mosensitivepolymersolutionsofpoly（Nlisopropylacrylamide）・Theauthorassumedthatsharp  

phaseseparationwithflatcloudpointcurve，Whichisalmostindependentonthemolecular  

weightandconcentration，iscausedbythecooperativehydration（dehydration），i・e・，boundwa－  

termoleculescovenngthepolymerchainareSharplydehydratedinoneclusterafteranother・  

Theauthoranalyzedtheexperimentalresultsalongwiththishypothesis・Thus，hedeveloped  

ageneralthermOdynamictheoryofphasetransitioninaqueouspolymersolutionsunderco－  

OPerativehydrationanalogoustotheZimm－Braggcoil－helixtransitionmodel・Astheresults，  

hefbundthecoverageofboundwaterisindependentofbothmolecularweightandpolymer  

COnCentration。Thus，hydrationcanberegardedassinglechainproblem・Ifthecooperativity  

Ofhydrationisstronger，thespinodalcurveSareflatterandmoreindependentofbothmolecular  

Weightandpolymerconcentration，theshapeofphaseseparationreglOnbecomesaboxtype  

duetosharpdehydrationnearthephaseseparationtemperature・Thespinodalcurvesfoundin  

thistheoryagreewellwiththeexperimentalonesobtainedbylightscattenng・Thus，theauthor  

COnCludedthatsharpphaseseparationiscausedbycooperativehydration・   

Inchapter3，theauthortheoretica11ystudiedgelationandphaseseparationinsolutionsof  

hydrophobicallyend－C叩Pedpolymers・Theauthorbuiltanewtheorythatcombinethethe－  

Oryfbrhydrationinchapter2with恥naka－StockmayertheoryfbrthermOreVerSiblegelation  

Withmice11arCrOSSlinksbyhydrophobicaggregation・Whentheauthorappliedthetheoryto  

telechelicassociatingpolymers，hefbundthatthespinodalcurveShiftstolowertemperature  

alongwithsol／geltranSitionline．InthecaseofbothhighmolecularWeightandstronglyco－  

OPerativehydration，thedownwardshiftofsplnOdalcurveissmall・WhenmolecularWeight  

ishigher，thedensityofhydrophobicgroupsislower；thenhydrophobicinteractionisweaker；  

thusitisdi侃culttoform1argeClusters・Whencooperativityinhydrationisstronger，Sharper  

dehydrationoccursatthenearSinglechaincoiトglobuletranSitiontemperature；thus，itisdi伍一  

Culttofbrm1argeclustersofpolymerchainsbyhydrophobicinteractionuptothetemperature  

VeryClosetothecoi1－globuletransitiontemperature・Theseresultsshowagoodqualitative  

agreementwiththeexperimentaldata・Inthecaseofweakcooperativity丘，rlowmolecular  

156   



weightpolymers，thereisaspecialmolecularWeightofpolymerswherealoop－Shapedhigh  

temperaturephaseseparatedreglOnmergeSWithadome－Shqpedlowtemperaturephasesepa－  

ratedreglOn・Thispolntiscalleddoublecriticalpoint・Theshapeofphaseseparationreg10n  

turnSintoanhourglasstype．   

Inchapter4，theauthorappliedthetheoryofchapter3topolycondensationsystemswith  

focusonthesol／geltransitionundercontro11edvapourpressure・ThethermOdynamicconditions，  

i・e・，PreSSureandtemperature，tOreaChthegelpointwithoutphaseseparationarefound・In  

thecaseofstronglreaCtionwherereactionenthalpyislargerthanthemlXlngenthalpy，thegel  

pointcanbeeasilyreachedbydepresslngthevapourpressureathightemperature・Atlow  

temperature，however，thegelpointisnotreachedduetothehighvapourpressurewherethe  

solutiontendstobephaseseparated・Inthecaseofweakreaction，thereisaconditionwhere  

thesolutionsturnSbacktoasoIphasefromagel（reentrantsoIphase）bygivingpressuredueto  

thestrongbackwardreaction．   

Inchapter5，theauthordevelopedanewtheorythatthetheorylnChapter4iscombined  

withreactionkinetics，thentheauthortheoreticallystudiedthetimedependenceofgelationand  

phaseseparationinassociativeandreactivesolutionsbyanalyzingthetime－dependentphase  

diagramandtheconversiondiagram。Theauthoralsofoundthegelationtime，i・e・，thetime  

requiredtoreachthegelpointfromanatbitrari1yglVenimitialstate・Inthetime－dependent  

phasediagramandtheconversiondiagram，hecouldpredictthetimedependenceofsolution  

propertiesfromreactiontemperatureandinitialmolarratioofmonomersandsoIvent・Healso  

foundtheimitialconditiontoreachagelpointwithoutphaseseparation・Tbstudytheefftct  

ofthebyproductofwatermoleculesassoIvent，theauthorco甲ParedinactivesoIventsystems  

toactivesoIventsystems・Thedi鮎renceofthesesystemsliesinwhetherthewatermolecule  

isformedornotintheforwardreaction．InaninactivesoIvent，thereactionproceedsfaster  

athigherconcentrationofthemonomer・InactivesoIvent，however，thereactionisslowat  

concentratedreglme・Inthisreglme，duetothefbrmationofwater，theprobabilitythatthe  

reactionsitecontactseachotherdecreases，thenthereactionrateisslowattheimitialstage．  

ThusactivesoIventsystemiseasiertophaseseparatethaninactivesoIventsystem・Ininactive  
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SOIvent，gelationtimemonotonouslydecreaseswhentheconcentrationofmonomerincreases．  

InthecaseofactivesoIvent，thereistheconcentrationwheregelationtimebecomesminimum，   

thustheauthorcould丘ndthemoste鮎ctiveimitialcompositionfbrgelation．   

Inconclusions，theauthortheoreticallystudiedgelationandphaseseparationinassocia－  

tiveandreactivesolutionswithfbcusonhydration，hydrophobicinteraction，VqPOurPreSSure  

OfsoIvent，andreactiontime・ThroughthepresentstudyofmanySimplereactiveandasso－  

Ciatingsolutionsfromtheunifiedtheoreticalpointofview，theauthorobtainedmanypleCeS  

OffundamentalknowledgeonthemutualinterftrencebetweenphaseseparationandthermOre－  

VerSiblegelationinaqueouspolymersolutions・Thustheauthorcon丘rmSthatthetheorycanbe  

appliedtomorecomplexsystemsuchaswater－SOlublepolymerscarrylngmanyhydrophobes，  

associatingpolymedsurfactantmixtures，ternarySyStemSSuChasTEOS（monomer）／H20（active  

SOIvent）佃tOH（inactivesoIvent）andhetero－POlycondensationsystems．Thereremain，however，  

manyproblemstobesoIvedtounderstandtheirmolecularmeChanismsmoreprecisely，SuCh  

asinterftrencephenomenabetweenhydrationandassociationinassociatingpolymersolutions，  

formationandaggregationofflowermice11esintelechelicassociatingpolymersolutionsatdi－  

lutereglmP，Calculationofcloudpoints，andphaseseparationinpolycondensationatpostgel  

reglme．Theauthorhopesthatsomesolutionsoftheseproblemswillbeaddressedinhisfuture   

PaPerS・  
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