
Phase Transition of Hexatriacontane (A survey of
polymer crystallization by X-ray diffraction .
chapter 6)

言語: en

出版者: SKP

公開日: 2008-01-31

キーワード (Ja): 

キーワード (En): 

作成者: Asano, Tsutomu, Mina, Md. Forhad

メールアドレス: 

所属: 

メタデータ

http://hdl.handle.net/10297/553URL



71

Chapter6．　PhaseTransitionofHexatriacontane

6．1Introduction

Duringaprocessoftemperaturechange，POlymermoleculesexhibitphasetransitions．

Mostofthe physicaltransfbrmations are fbllowedby some energy changes which canbe

detected by a difRrential scanning calorimeter（DSC）．The phase transitionis also

accompanied by struCturalchanges，Which can be studied by X－ray di餓●aCtion，detectlng

molecularordersbyWAXSandhigherordersbySAXS．

Linearpolyethylene（PE）has a simple chemicalstruCture Whichis polymerized by

ethylenemonomers；［－（C2H4）－］．Thepropertyofpolyethylenecanbewellunderstoodby

COmParisonwiththelinearalkanelCnH2n．2］．Inthischemicalseries，ifvalueofnadvances

froml to18，the substances willprogressfrom gases to solids vialiquidsl1］．We call

Parafnn fbrarange ofn（10＞n＞50），and PE when n＞～200．Because ofthe similar

ChemicalstruCture，POlyethyleneisconsideredtohavepropertiescloselyrelatedtothoseof

Parafnns．Thus，theparafnnisremarkedasabridgingsubstancetocombinelowmolecular

Withhighmolecular（PE）materials．Inordertoobservethenatureoflinearchainmolecules

duringthephasetransitions，Wehave selectedhexatriacontane（C36H74：abbreviatedtoC36）

asourfbcuslngSubstanceofinvestlgations．

Two difRrenttypes ofC36specimens，Slngle crystals andbulk samples，are mainly

usedinourexperimentsl2－6］．Inthesections6．3，WeuSethesinglecrystalofC36prepared

byadilutesolutionofxylene．TheslnglecrystalisheatedintheDSCapparatusuptothe

dennite transition temperaturel3，4］．Then the sampleis cooled down and measured

CryStalline struCtureS by WAXS at room temperature．We also show the results ofthe

SimultaneousmeasurementbyDSCandtimeresoIvedX－raydi餓●aCtionuslngaSynChrotron

radiationl5］．

In the section6．4，the transitions ofthe bulk C36is observed by TSC．We have

discussedtheTSCmethodinthechapter5．Thein－Situphenomenaarestudiedbythemelt－

SOlidinterfaceobservedbytheTSCapparatusl2］．Inthesection6．5，0nSetmeChanismofthe

transitionis discussedbyWAXS，SAXS，DSC andpolarized opticalmicroscopyl6］．The

resultsofthephasetransitionofC36aresummarizedinthesection6．6．

6．2　MoleculeandPhasesofC36

C36isanevenalkane（parafnn）Withthemolecularlengthequalto47．5Å．phase

transitions and struCtural studies of C36were developed by the various observations

includingX－raydi餓●aCtionmethodl7－16］．Themeltingtemperature，Tm，isnxedat760C，

Whichisslightlydeviateddependingonthepurlty．Whileheatlngfromroomtemperatureto
Tm，theslnglecrystalofC36exhibitsseveralphasesincludingarotatorphasebefbrethemelt

State．Wedenneeachphasewithasymbol．Forsimpliclty，Weintroduceheretheabbreviated

Phase notations with the subscnpts ML：low temperature crystalline phase，MH：high

temperaturecrystallinephase，R：rOtatOrPhaseandL：meltphase．

Atroomtemperature，thesolution一grOWnSlnglecrystalspreparedfrompureC36reveal
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theML（monoclinic）form．WhenC36crystalisheatedfromtheroomtemperature，theMH

Phaseisobservedintherangeof70－730C．Then，at73－750C，theMHfbrmChangestotheR

Phase，WhichnnallygoesintotheLstateat760C．Thus，C36singlecrystalsexhibitthree

Phasetransitions，Whicharecalledthesolid－SOlid（ML→MH），thesolid－rOtatOr（MH→R）and

the rotator－melt（R→L）transitions．During the DSC measurement，the transition

temperaturesareslightlyshifteddependingonthepurltyandamOuntOfthesample．

The crystalline fbrmS Of ML and MH have been determinedin the previous

Observationsl10，11］．Thelong hydrocafbon molecules are packedin a subcellstruCture，

havlng the same struCture OfPE．The known crystal struCture OfML，MH and PE are

COmParedinThble6．1．Themolecularchainsareinclinedinthebc－PlaneinML，Whereasthey

aretiltedinthe ac－PlaneinMH．Inthe presentchapter，We eXPlainmorphologlCalchange

duringthe phasetransitions．Based onthe results ofourinvestlgation，We PrOPOSe aneW

ML→MHmeChanisminthesection6．3．ThenewcrystallinefbrmSOfMHandRareanalyzed

inthe section6．4．

Table6．1LatticeconstantsofMLandMHCryStall10，11］．

Phase　 α（Å） ∂（Å）　 C（Å）　 α（○）　 β（○） γ（○）
Temp．

（OC）

M L　　 7．42　　5．57　　48．35　 119．1　 90　　 90 20

M H　　 7．76　　4．90　　48．27　　　90　　 106　　90 20

PE　　　7．42　　4．96　　2．534　　　90　　　90　　　90 20

∈
古
書
O
P
亡
］

醍l　髄　68　70　7ユ　74　76　78　関　配　84

TやmPemture（0亡）

Fig．6．1DSCthermOgramSOfC36singlecrystalobtainedbyheatingrateoflOC／min．［4］

6．3　ML→MHTransitionofC36SingleCrysta1

6．3．1ThermalmeasurementsbyDSC

Weusedasolution一grOWnSlnglecrystalofC36fbrthermalanalysisbyDSC．Theslngle

CryStalhasaflatshapewithO．1mminthicknessandl～2mminwidthandlength．Someof
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them are observedbylozenge shaped crystals．The DSCthermOgram Ofa solution一grOWn

SlnglecrystalwithendothermVerSuStemPeratureisshowninFig6．1．Inthenrstrunfrom

roomtemperatureto800C，threepeaksappearcorrespondingtothesolid－SOlid，SOlid－rOtatOr

and rotator－melt transitions．A氏er the nrstrun，the sampleis cooled down to room

temperature and heated up agalnin the secondrun．Due toirreversible phenomena，the

ML→MHtranSitionisdisappearedinthesecondrun．

In orderto observelamellar struCtureS OfC36，We PrePared athick mat，Where the

SeVeraltensofsinglecrystalsarepiledupontheflatsurface．InFig．6．2，theWAXSpattemS

WereinvestlgatedduringheatlngOfthemat．Thematissandwichedbetweentheheaters．The

incidentX－raySareParalleltothematsurface．Themeridionalreflectionsindicatethatthe

CryStallinec＊－aXisisperpendiculartotheflatsurfaceofthemat．InFig．6．2（a），thematis

heatedto690Cbelowthetransitiontemperature．Fromthemeridionalreflection，thespaclng

hasbeenmeasuredto42．3Å，COrreSPOndingtothelamellarthicknesscalculatedbycsinαOf

the ML CryStal．Afterheatlng tOthe transitiontemperature，the spaclng Ofthe meridional

peaksin Fig．6．2（C）indicate46．4Å，Showinggoodagreementwiththecalculatedvaluebyc

SinPintheMHfbrm．Intheintermediatestate，thetwolayersarecoexistedinthemeridional

reflectionsinFig．6．2（b）．

（a）ML （b）Intermediate （C）MH

Fig．6．2　WAXSpatternsoftheslnglecrystalmatduringheatlngOfthesolid－SOlid

transitionl3］．

6．3．2　BasicinvestigationoftheML→MHtranSition

TheML→MHtranSitionofC36hasbeenreportedbySchaereretal．，Sullivan，Tbmplin

and Thkamizawa et al．［13－16］．The precise observation of the transition mechanisms

includingthesolid－SOlidtransitionofC33hasreportedbyStrobletal．［17］．Theaboveresults

COnnrmthattheML→MHtranSitionofC36isirreversible，aCCOmPaniedbythe shiftofthe

layerthickness．However，ltisnotclearwhyMHisstableabovethetransitiontemperature

andwhythe solid－SOlidtransitionisirreversible．Theknown struCtureS OfML andMHare

COmParedinFig．6．3．
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ML

（aJ

MH

（b）

Fig．6．3　　Lamellar struCture and molecularpacking ofthe（a）ML and（b）MH

CryStals．as，bsandcsarethesubcellstruCtureSameaSthestruCtureOf

PE．In the ML StruCture，theinclination angle of the crystalline

molecule，α′，isslightlysmallerthanα［4］．

6．3．3　DSCandX－raydifrractionstudiesbythestep－Wiseheating

The C36single－CryStalwas step－WiselyheatedbytheDSCapparatus．The annealing

PrOCeduresare showninFig．6．4．Inthenrstrun，thesamplewasheatedupto72．40C，and
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thencooleddowntoroomtemperature（250C）fbrX－raydi餓●aCtionmeasurements．Thenin

thesecondrun，thesamesamplewasheatedto72．50C．Inordertoexplainmixedreflections

duringtheML→MHtranSition，Werefbrto（hkl）Land（hkl）HaSthereflectionplanesoftheML

andMHPhase，reSPeCtively．
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Fig．6．4　DSCthermOgramSOf thepartialheattreatment

OftheC36singlecrystalfbrX－rayStudiesl4］．

Figure6．5（a）showstheWAXSpattemOftheoriginalcrystalbefbretheheattreatment．

ThedifnlSeringarisesfromthinmembraneofamOrPhouspoly（ethyleneterephthalate）（PET），

Which was used fbr protection ofthe very thin slngle crystalfromfracture during the

experiments．TheinnermOStSharpreflectionarisesfromthe（112）LPlane．Aweak（203）Land

asharp（210）Lreflectionsappearonthedi凪ISeringalongtheequatorandoutsidethering，

respectively．Otherreflections onthe pattem emergefromthe symmetryplanes ofthe ML

C町Stal．

Figures6．5（b）－（e）denotetheWAXSpattemSWhenthecrystalwasheatedto72．4，72．5，

72．7and73．40C，reSPeCtively．InFig．6．5（b），mOStOfthereflectionsaresimilartothosein

Fig．6．5（a），Showingmostofthecrystalremainunchanged．However，SOmeWeakreflections

appearatadistancegreaterthanthespacingofthe（112）LPlaneandsmallerthanthatofthe

（203）LPlane，indicatingthatthetransitionisinitiatedatthemostprobableregion．Thenew

reflectionsareduetothe（110）HPlanewithaspacingof3．69Å．Itisnoteworthythatthe

（110）Hreflections，Whichappearupanddownat120deviationfromtheequatorinFig．6．5（b），

CannOtbeexplainedbytheorlglnalorientationoftheMLCryStal．

InFig．6．5（C），Originalreflectionsdisappear，andtheinnermOStdi餓●aCtionpeaksthat

emergealongthecircularringare（110）Hreflections，indicatingthatthetransitiontakesplace

inthe whole region．The（200）H reflections appearboth on and outside the equator．The

appearance of（200）H reflectionsjustonthe equator suggests thatthe molecules keepthe
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CryStalline axis unchanged during the transition．FurthermOre，a neW Pair of（200）H

reflections，located outside the equator，makes an angle670withthe equator．This result

demonstratesthatthemoleculesarealignedbyanewcrystallineaxisinthetransition．

〔a）

（d）

（b）

te）

〔亡）

Fig．6．5　WAXS patternS taken at room temperature：（a）originalsingle crystal，

heatedat（b）72．40C，（C）72．50C，（d）72．70Cand（e）73．40C．

TheX－raybeamwasputperpendiculartotheflatcrystall4］．

InFig．6．5（d），the reflections are distributedonarcs，Showingthatthe single crystal

Changestopolycrystallitesa氏erthetransition．Figure6．5（e）showssixbroadarcsfbr（110）H

andalso sixarcsfbr（200）H．The arclike reflectionsindicatethat，atahighertemperature

afterthesolid－SOlidtransition，theregularltyOftheslnglecrystalisdestroyedandtheorlglnal

Slnglecrystalisfracturedintopolycrystallites．

6．3．4　TwinnedmechanismoftheML→MHtranSition

WAXSpattemSindicatetwodifRrentoutstandingfbaturesintheML→MHtranSition：

（i）the（110）H reflectionslocatedup anddownthe equator（120）are relatedtothe（200）H

reflections situated outside the equator，and（ii）the（200）H reflections appearjust on the

equator．ThefbrmerOneindicatestheappearanceofanewcrystallineaH－aXisatanangle670

fromtheequator．ThelatteroneindicatesthattheMHCryStalkeepstheaH－aXisunchanged

WiththeorlglnalaL－aXis．
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Fig．6．6　　SchematicdrawlngOftheprqeCtionofplanezlgZagChainsonthe asbs－Planeofthe

Subcells．ThecrystallineaxesaL，bLandaH，bHdistinguishtheMLandMHStateS．（a）

TheMLCryStal（b）Thetwincrystals，Wheretransitionoccurs acrossthe（110）twin

PlanesuchasAIBlaCCOmPanyingnewcrystallineaxesaHandbH．（C）Thesymmetry

CaSeOf（b）［4］．

TbnndtheonglnOfthenewaH－aXIS，ameChanismforthefbrmationoftwin－CryStals

Canbeproposed．Normally，tWinsarecomposedoftwoequlValentindividualcrystalswhich

Shareapartofthedirection，1．e．atleastonecrystalplaneoftheindividualcrystalsmustbe

Shared．The transition processfromthe ML State tO MH Stateis analyzed consideringthe

natureofmolecularmovementsduringtheheattreatment．

Figure6．6（a）isascheme，illustratingtheprqiectionoftheplanezigzagchainsofthe

ML CryStal on the asbs－Plane ofthe orthorhombic subcell struCture．For convenience of
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explanationandanalysISOftheresults，latticeparametersaL，bLandaH，bHareintroducedto

distlnguishthe ML andMHPhases，reSPeCtively．Ourexperimentalresults showapossible

twinningalongthe（110）plane，andwepointoutthestruCturalchangesstartedonthisplane

i．e．ABplaneofFig．6．6（a）．Ifthecrystalistwinnedalongthisplane，thendisplacementof

moleculesinvoIvesashearmovementalongtoAIBl，A2B2，A3B3，aSShowninFig．6．6（b）．As

aresult，neWCryStallineaxesaH，bHOftheMHaregrOWnbythetwinnlng．

InFig．6．6（b），theangle，∠XOY，betweenOXandOYbecomes120，Whichisexactly

thesameasthatbetweenthenormalsofthe（200）Land（110）HPlanes．ComparingtheWAXS

resultinFig．6．5（b），theangulardeviationof1200f（110）Hreflectionfromtheequatorshows

anexcellentnttotheabovecalculatedvalue．Thedeviationof670fbr（200）Hreflectionfrom

theequatoristhesameastheangle（∠aLOaH）betweentheoriginalaL－aXisandthenewaH－

axis．

Itis noteworthy that，due to the crystal symmetryln the ML State，thereis equal

PrObability fbr the molecules to have difRrently oriented twin boundarylFig．6．6（C）］，

generatlng thedifRrentaH－aXis．Duetothetwinmechanism，theunifbrmStruCture Ofthe

Orlglnal slngle crystalincludeslattice defbcts，reSultingin the observedirreversibility

behaviorintheDSCthermOgram．Duetothefbrmationofthepolycrystallites，theaH－aXisis

WidelydistributedasshownbythearcsofFig．6．5（e）．

Thetwinned mechanism has an advantagein changlng theinclination ofmolecules

from the（010）L Plane to the（100）H Plane of the twinned crystal．The original chain

inclinationinthebLCL－PlaneoftheMLCryStalcaneasilychangetheirinclinationintheaHCH－

PlaneoftheMHCryStalbyanrotatingangleofeither＋2300r－230（theanglebetweenbLand

twinnedaH－aXis）．

Ontheotherhand，thetwinnlnginducespositionalshiftingofthemolecules．Asshown

inFig．6．6（b）and（C），theoriginalMLmOleculesaremovedbytheML→MHtWinning．The

molecular displacement willincrease proportional to the twinned reglOn．Due to the

disadvantageofthetwinnlngmeChanism，thetwinnedreglOnisrestrictedinalocalarea．

6．3．5Stand－uPmeChanismoftheML→MHtranSition

In Fig．6．5，the WAXS resultsindicate thatthe aH－aXis remains unchanged withthe

OriginalaL－aXisl3］．Inthismechanism，themolecules，WhichinclineinthebLCL－PlaneofML

Phase，OnCeStandupperpendiculartothelamellarsurfaceproducingtheOrthorhombic（0）

State andthenre－inclineintheaHCH－Plane ofthe MHPhase（see Fig．6．7）．Thisprocessof

transitioniscalledastand－uPmeChanismandisdenotedheretoML→0→MH．Thestand－uP

mechanismrequlreSthemoleculesfbrcooperativearrangementtobecomeperpendicularto

thelamellarsurfaceandthenre－inclineintotheac－Plane．

Apparently，the ML CryStalis transfbrmedinto the MH CryStalby the two possible

PrOCeSSeSViz．twin－fbrmationandstand－uPmeChanisms．But，ltisnotclearwhichofthetwo

PrOCeSSeStakesplaceearlierandwhetherthereisanycorrelationbetweenthem．Considering

that the phase transitionis a dynamic process，We requlre Performlng a real－time

measurementsuslngSuitablefacilitylnOrdertounderstandthetransitionmechanismindetail．
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Fig．6．7 Stand－uPmeChanism：（a）ML，（b）Oand（C）MHPhasel5］．

6．3．6　SimultaneousmeasurementsofDSCandX－raydifrraction

ForX－raydifn・aCtion，WeuSedsynchrotronradiationofwavelength，九＝1．506Å．For

SimultaneousDSCandSAXSmeasurements，WeuSedaPSPCtocollecttime－reSOIvedX－ray

di餓●aCtiondata．A2－mm－diameterholewasmadeinthe DSCapparatustopassthe X－ray

beam．Figure6．8（a）showsaDSCthermOgramOfthesampleduringheatingto770Cwitha

rate ofl OC／min．Forthe SAXSmeasurement，WeuSedathickC36mat，Piledup several

Slnglecrystals．ThisconditionproducebroadenlngOftheDSCcurveaSCOmParedwithour

PreViousthermOgramObservedintheslnglecrystal．

The SAXS results duringthe process ofthe solid－SOlid phase transition obtained at

temperaturesmarkedinFig．6．8（a）areshowninFig．6．8（b）．Atroomtemperature，Onlyone

Peakappearsat20＝2．030，Whichcorrespondstothereflectionfromthe（001）LPlaneofthe

MLCryStal．Whenthemeasurementistakenat72．000C，tWOPeaksappearat20＝2．03and

l．810．Thehigh－intensitypeakisfromthe（001）L Plane ofthe ML State having alamellar

thicknessofLL＝42．5Å，Whereasthesmallerpeakthatappearsatthelowerangleindicatesa

reflectionfromthe（001）。PlaneoftheOstate，WhichhasalayerspacingofL。＝47．6Å．

ThisindicatesthatlamellarthickeningoccursasaresultoftheML→Otransition．Increaslng

thetemperature，theintensityofthe（001）LPeakdecreaseslinearlywiththeincreaseofthe

（001）opeak．
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Fig．6．8　　Simultaneous measurements ofthe solid－SOlidphase transition，（a）DSC

thermogramand（b）time－reSOIvedSAXSmeasurementsbyPSPCl5］．

Furtherenhancementofthetemperaturefrom73．33to74．000Cshowsashiftingofthe

lower－anglepeaktoahigherangle．Finally，at74．660C，Onlyonepeakappearsat20＝1．850in

between（001）Land（001）。Withaspacingof46．7Å．Thispeakcorrespondstothe（001）H

PlaneoftheMHCryStal．TheSAXSresultsobservedherestronglyindicatethatthetransition

PrOCeeds asML→0→MH．However，ltisdifncultto distlnguishthe efRctofthetwinned

mechanismbythesimultaneousSAXSmeasurement．

6．4PhaseTransitionStudiesofBulkC36byTSC

6．4．1Experimentalconditions

TheTSCapparatususedtostudyphasetransitionsofC36areshowninFig．5．3b（See

Chapter5）．Bulk materials of C36were pre一melted and putin a glass capillary，Whose

diameterisl．5～2mm．IntheTSC，theheatertemperaturewascontrolledtolOOOC，Which
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is250ChigherthanthemeltingtemperatureofC36，andthecoolerwascooledbywaterto

200C．The averagetemperaturegradientwas about300C／mm duetothenarrowdistance

betweentheheaterandthecooler．Thecrystallizationwasstartedwhenthesamplecapillary

WaSmOVedtowardsthecoolerbyaspeedof2mm／hr．Thecrystallizlngdirectionwasparallel

to the z－aXIS，Which was also parallel to the sample capillary．Thein－Situ WAXS

measurementswereperhrmedonthemelt－SOlidinterface．ThediameteroftheincidentX－

raybeamwaslOOトLm．

6．4．2　Appearanceoftheorientedrotatorphase

InaseriesoftheTSCexperiments，theincidentX－raybeamwaspassedthroughawell

OrientedreglOnnearthecrystallizlngPlane．WeconsiderthatthestruCtureJuStbelowtheTm

istherotatorphase．InFig．6．9，tWOreflectionsappearupanddownfromtheequator，anda

SetOfparallelreflectionsarealignedonthemeridiannearthedirectbeam．Theequatorial

reflectioncorrespondstoaspacingof4．321Å，andthetworeflections，uPanddownfrom

theequator，Showingthesamedistancehaveaspacingof4．17Å．Themeridionalreflections

showexistenceofalayerstruCtureintherotatorstatehavingthespacingof46．0Å．The

meridionalreflectioncorrespondstothe（001）plane，indicatingthatthec＊－aXisisparallelto

theZ－aXis．

「

上

↑

Fig．6．9　X－raydiffractionpatternOftheorientedrotatorphasel2］．

Most ofthe parafnns are crystallized through the rotator phase neartheir melting

temperatures．Piesczeketal．［17］have shownthattherotatorphaseofC33（tritriacontane）

indicatesamultipletwinstruCtureOftriclinicfbrmWherethechainaxisistiltedfromtheend

groupplanes，andthelateralpackingofmoleculescloselyapproachestothehexagonalfbrm

［19］．

BasedontheX－rayPattemOfC36，itispossibletoanalyzetherecIPrOCallatticeofthe

rotatorphaseasshowninFig．6．10，WherethenlledcirclesrepresenttherecIPrOCallatticeof

One CryStal．The multiple recIPrOCallatticesindicate that the crystalis a multiple twin

struCture・TherecIPrOCallatticeshowsthatthemoleculeistiltedby170fromthec＊－aXis・The

tiltingoccursinthe（010）planeandtheresultingcrystallinefbrmismonoclinic．Inthisfbrm，

themoleculeistiltednearlythesamewayasthatfbundinthetriclinicstruCtureOfC33［17］，

althoughthetiltdirectionisalittledifRrent．
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Fig．6．10　TherecIPrOCallatticeoftherotatorphase．Thecrystalhasmultiple

twins．Thereflectionsfromonecrystalareshownbyfilledcircles

［2］．

FromtherecIPrOCallattice，thelatticeconstantsoftherotatorcrystalisdeterminedasa

＝4．98土0．02Å，∂＝8．62土0．03Å，C＝48．10土0．15Å，β＝107．0土0．50（or73．0土0．50），α＝γ

＝900．TheindicesoftheinnerandtheouterreflectionsareO20andllO，reSPeCtively．

Thoughthemoleculesareinclinedinthelamellae，theRmoleculesalongthec－aXisare

PaCkedinhexagonalwithrotatlngSymmetryarOundthec－aXis．DuringtheL→Rtransition

inthe meltcrystallization，ltispossibleto considernematic orsmectic statebefbrethe R

Phase．AppearanceofthemolecularorientationintheL→RtransitionisobservedinTSC

（Seesection5．4．3，PP60）．

6．4．30rientedcrystallineform ofbulkC36
ThebulkC36samplewascrystallizedbyTSCandcooledtotheroomtemperature．

Figure6．11shows the WAXS pattem Ofthe wel1－0riented C36crystal．The meridional

reflectionsconnrmthatthecrystalhasthelamellarstruCture，Whosenormalisparalleltothe

Z－aXis．Thecrystalline（001）planehasaspacingof46．4Å．someequatorialreflectionsare

largelysplitfromtheequator．TheobservedspaclngandtiltanglesoftheWAXSreflections

arelistedintherightrowsofTbble6．2．FromtheknownstruCtureSOfMLandMH，Valuesof

d。alandspiltanglearealsocalculatedaslistedinTbble6．2．Theobservedvaluesshowwell

丘ttingtothoseoftheMHPhases．

Basedontheobservedspaclngandsplitangles，Wedeterminenewcrystallineconstants

Ofthemonoclinicphase．InThble6．2，WeCOnnrmedthisformaSMH，becausethemonoclinic

CryStalisthesameasthatobservedinthehightemperaturefbrmbythesinglecrystal（seein

thesection6．3．4）．Theindicesofthesecondandthefburthequatorialreflections（Fig．6．11）

areasslgnedas200andO20，reSPeCtively．WennallyevaluatethecellparameterSOfMH：a＝

7．76土0．07Å，∂＝4．90土0．02Å，C＝48．27土0．45Å，β＝106．0土2．00，α＝γ＝900．me

spaclngSandsplitanglesofthec＊－OrientedMHCryStalarelistedinTbble6・2・Thesevalues

Wellcoincide withthe observed ones．The MH Phaseis similarto the high－temPerature

monoclinicfbrmObservedby SullivanandWeeks［15］，andThkamizawaetal．［18］inthe

heatlngPrOCeSSOfsolution－grOWnC36singlecrystal．
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Fig．6．11Ⅵ仏ⅩSpatternOfthe melt－grOWnCryStal byTSC（at200C）［2］．

Table6．2　SpaclngSandsplitanglesfromtheequatorobservedinFig．6．11，

andcalculatedvaluesof MLandMHPhases

MLPhase MHPhase Observed

址J d。al（Å） Splitangle

（○）

址J d。al（Å） Splitangle

（○）

d。bs（Å）Splitangle

（○）

110 4．07 24．0 110 4．10 8．7 4．11 9．0

020 3．71 0 200 3．73 16．0 3．73 16．0

120 2．95 17．1 210 2．97 12．7 2．95 11．5

200 2．43 29．1 020 2．45 0 2．45 0

210 2．31 27．5 120 2．33 4．9 2．33 4．0

130 2．20 12．7 310 2．22 14．2 2．20 13．0

220 2．03 24．0 220 2．05 8．7 2．04 9．0

001 42．25 001 46．4 46．4

TheMLandMHPhasesconsistoftheorthorhombicsubcellshowninFig．6．3．Inthe

MLCell，theneighboringmoleculesaredisplacedbyone－Zigzagperiod（2．54Å）inthebc－

Planel12］．Consideringthe displacementinthe ac－Plane，We Can eStimate theinclination

angle，V，OftheMHPhase．Then，thevalueofviscalculatedtobe：V＝tan‾1（2．54／亘。。）

＝tan‾1（2・54／7・46）＝18・80〇・Thediscrepancy？etweenthisvalueandtheobservedone

（16．00）isabout30．Accordingly，themolecularaxISISCOnSideredtohavefurthertiltedfrom

thecrystallinec－aXis．
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6．4．4MechanismofR→MHtranSition

Figure6．12represents the WAXS pattemS taken after exposlng the X－ray beam at

difRrent positions near the melt－SOlid boundary．As theincident X－ray mOVeSfrom the

boundarytodownwardsat200and400トt，tWOequatOrialreflectionsofFig．6．12achangeto

four（Fig．6．7b）and then to three reflections（Fig．6．12C）．The arcs，labeled asl and2in

Fig．6．12a，are O20andllO reflectionsoftherotatorcrystal，reSPeCtively．InFig．6．12b，the

POSition ofl approaches to that of2，Which shows thatthe spacing ofthe（020）plane

decreases．Besides，theintensltyOfthesetworeflectionsdecreasesasthetransitionproceeds

andalmostdisappearsinFig．6．12C，Whereastheintensityofotherthreereflections（labeled

as3，4and5）increases．

InFig．6．12C，Weakreflectionsotherthanthe3，4and5are recognizedatthehigher

angles．The spaclngS andthe split angles measuredfromthe equatorialreflections nearly

matchtothoseoftheMHPhase．Theobservedvaluesindicatethemonocliniccrystalhavlng

latticeconstantsofa＝8．13土0．07Å，b＝5．00土0．02Å，C＝48．50土0．45Å，β＝107．0土2．00，

α＝γ＝900．Considering the temperature gradientof300C／mm，the temperature ofthe

CryStalwas630C．Due to the thermal expansion，Values ofthe MH CryStal are slightly

difRrentfromthecrystalobservedatroomtemperature．Theaboveresultsaresummarized

in「hble6．3．

Thble6．3LatticeconstantsandcrystallographicorientationsofC36crystall2，3，10，11］．

Phase（ 呈） （且） C（Å） α（。） β（。）γ（。）Tbmp．（OC）

M H　　7．76　 4．90　48．27　　90　 106　　90 20

M H　　8．13　 5．00　48．50　　90　 107　　90 63

R　　　4．98　　8．62　48．10　　90　　107　　90 75

Comparlng the rotator crystal observed by Fig．6．9and the MHin Fig．6．12C，the

transitionfromRtoMHPhaserequlreSaCOntraCtionoftheinter－mOleculardistanceinthe

direction normal to the rotator（110）plane，Whichis parallel to the aH－aXis with the

contractionofaH－aXisbyO．5Å．Thus，thesolid－SOlidtransitionfromtheRphasetotheMH

phaseoccursby300rotationofthetiltdirectionaswellasbyO．5Åanisotropiccontractionof

theintermOlecular distance．A氏er cooling the sample to room temperature，the MHform

undergoesfurtherthermalcontractiontoO．37andO．10ÅinthedirectionofaH－andbH－aXis，

respectively．
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Fig．6．12　ⅥAXSpatternSOfthecrystallizlngreglOn．Thecenteroftheincident

X－raybeamis（a）justonthecrystallizingplaneand（b）200Ll，

（C）400Lldownwardsfromitl2］．

6．5　0nsetMechanismofthePhaseTransitions

6．5．1MolecularmotionduringtheML→MHtranSition

Inordertoexplainthemotivationofthesolid－SOlidtransition，thesurfacestruCtureOf

lamellaeoftheMLandMHPhasesiscompared．Figures6．13showsside－Viewsofthebc－and
ac－Plane，reSPeCtively．In each case，the thick and the thin molecules arelocated at the

COmerSandatthecentralpositionoftheunitcell．Thoughthesub－CellstruCtureissameas

POlyethylene，PaCkingdifRrenceappearsonthelamellarsurface．IncaseoftheMLState，the

CH3grOuPSisalignedinthesamedirectionproduclngaSmOOthsurface，Whereasthepacking

intheMHCryStalisanti－SymmetricalproduclngarOughsurface．
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Fig．6．13　Side－Viewsofmoleculeson（a）thebc－PlaneoftheMLPhaseshowingsmoothlamellar

Surfaceand（b）theac－PlaneoftheMHPhaseshowingaroughsurfaceofthelamella．

ThemolecularmotioninthelamellarstruCturenrstoccursalongthechaindirection．

Initialmovementofthehydrocarbonmoleculesisknowntotheflip－flopmotionbywhichthe

molecules rotate1800together with alongitudinal motion along the chain direction．

ConsideringthepackingoftheCH3terminal，theroughsurfaceoftheMHPhaseissuitedto

Starttheflip－flopmotion．Thus，theML→MHtranSitionoccursrelatedtotheroughnessofthe

surface struCture．

TheabovediscussionindicatesthatsurfaceroughnesscontroIsthesolid－SOlidphase

transition．Tbcon丘rmthee脆ct，lmPurltymOleculesoftheshorterlengththanC36wereused

toproducearoughsurface．

6．5．2Efrectofimpurityonthetransition

（i）　ThermalinvestigationbyDSC

Thelengthofn－dotriacontane（C32）moleculeissmallerthanthatofC36．Therefbre，

Weintroduced C32astheimpurlty．Atnrst，We PreParedtwokinds ofp－Xylene solutions

havingconcentrationSc＝0．1andO．2wt％．Withtheknownamountofsolute，theimpurlty

fractioniscalculatedbyIF＝lC32／（C32＋C36）］．InordertoexaminetheefRct，WePrePared6

SOlutions（A，B，C，D，EandF）aslistedinThble6．4．The single crystalswereprepared

belowlOOCintherefrigerator．
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Table6．4Samplepreparationwithdiffbrent ScandIF

Samples　　　　　　　（Scwt％）　　　　　　IF（％）

盲
Ⅶ
ロ
．
月
旦
戸
E
岩
石
p
R
山

R 一一lJ

M ■√■欄

H r ‾I H H

A

B

C

D

■E

F

65　　・即　　　　汐　　　7】　　　73　　　75　　　77　　「7ウ

T亡m匹持帰亡rq

Fig．6．14　　　DSCthermOgramSOfsamplesA－Fl6］．

DSC thermOgramS eXhibit three endothermic peaks corresponding to the ML→MH，

MH→RandR→LtransitionsasinFig．6．14．Thepeak－temPeratureSareShifteddependingon

ScandIF．TheDSCresultsalsoshowthattheML→MHtranSitionpeaksbecomewiderwhen

theimpurltyCOnCentrationincreases．

Thepeak－temPerature aSafunctionofimpurltyCOnCentrationisplottedinFig．6．15．

TheclearcirclecorrespondstothevaluesfbrtheseriesofthesamplesA－C（Sc＝0．1wt％）

andthenlledcircledenotesthevariationfbranotherseriesD－F（Sc＝0．2wt％）．Itisobvious

fromthegraphthattheML→MHtranSitionisshiftedtowardsalowertemperature，depending

notonlyonIFbutalsoonSc，becausethecaseofSc＝0．2wt％（nlledcircles）Showlower

transitiontemperature thanthat ofSc＝0．1wt％（clearcircles）．The pure samples oftwo

difRrentconcentrationsdonotshowanyslgnincantdeviationofthetransitiontemperature，

Whereasthe deviationincreaseswithincreaslnglmPurlty．The peak－temPeratureis slightly

deviatedintheMH→RtransitionandisalmostthesameintheR→Ltransition．
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Fig．6．15　ThetransitiontemperatureasafunctionofIFl6］．

（ii）　Observationbytime－reSOIvedX－raymeaSurementS

Figure6．16showsthree SAXSpattemStakenatroomtemperatureforsamplesA－C．

ThepeaksofeachpattemCOrreSPOndingtothescatterlngangle20＝土2．030comefromthe

（001）LPlaneoftheMLPhase．AnotherobservabledifRrenceofthedi餓●aCtionpattemSisa

low－angle scattering（（－SCattering）nearthe origin．The G－SCatteringintensityincreaseswith

increaslngSamPleimpunty．

ThephotographinFig．6．17（a）istakenatroomtemperaturefbrsampleCtoobservea

two－dimensionalpattemOftheG－SCattering．TheresultshowsthattheG－SCatteringislocated

Onthe meridian．Fromthe steak－like G－SCattering，We Can analyze the existence ofaflat－

ShapeddefbctinthesampleCdevelopedperpendiculartothemeridianasillustratedinFig．

6．17（b）．Asthe（001）LSPaCingisthesameinthethreesamples，thedefbctsdonotdisturbthe

lamellarperiodicity．
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Fig．6．16SAXSresultscollectedbyPSPCatroomtemperatureofA－Cl6］．
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（a）

DclbH

Su血cemu帥ness

CnrstdIin亡：lamdla．

（b）

Fig．6．17　SAXSphotographofsampleCtakenatroomtemperature，（b）Schematic

modelofthecrystallinedefectsdevelopedinsidethecrystall6］．

Three－dimensionalpresentationsofSAXSdataformtheseriesA－Coveratemperature

rangeof69－750CaredisplayedinFigs．6．18（a）－（C）．TheplotsconsistofX－raySCattering

intenslty VerSuS reCIPrOCal space，2sinO／L，aS afunction ofthe temperature：Tl and T2

COrreSPOndtostartlngtemPeratureSOftheML→MHandtheMH→Rtransitions，reSPeCtively．

IncaseofsampleAlFig．6．18（a）］，thevalueofTlis＝72．20C．Theintensityofthe

（001）LPeakshowssmoothincreasebefbreTlandthe（001）HPeakappearsattheinnerangle．

IntherangeTl＜T＜T2，the（001）Land（001）HPeakscoexistuntilthesmoothdisappearanceof

the ML Peak．The MH Stateis ultimately transfbrmedinto the R state at T2＝73．40C

accompanyingbyaconspicuousreductioninintensityofthe（001）HPeak．Theintensityof

theG－SCatteringisveryweakinthesampleA．

IncaseofsampleBlFig．6．18（b）］，theonsetofthe solid－SOlidtransitionisobserved

WhenTl＝71．60C．Aslightfluctuationoftheintensityisobservedinthe（001）LPeak．Then，

theintensltyOftheMHStateChangesfromtheMH→RtransitionatT2＝73．40C．Inaddition，

theG－SCatteringobservedatroomtemperaturelFig．6．17（a）］disappearsatT2．

SampleClFig．6．18（C）］undergoestheML→MHandtheMH→RtransitionsatTl＝70．7

0CandT2＝73．20C，reSPeCtively．TheintensltyOftheMLStatefluctuatesconsiderablyduring

thetransitiontotheMHState．Then，theintensltyShowsasharpdecreaseduringtheMH→R

transitionandisunchangedintheRstate．Theintensi丘edanddistributedG－SCatteringfalls

SharplyatTlanddisappearsatT2．

Thethree－dimensionalpresentationsofSAXSfbrthesamplesD，EandFresemblethe

PreViouslydescribedresultscorrespondingtoA，BandC，eXCePtthatthevaluesofTlandT2

areslightlylowered．
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Fig．6．18　　ThreedimensionalpatternsoftheX－rayintensityas afunctions ofscattering

angleandtemperaturefbrsamples（a）A，（b）Band（C）Cl8］．

作ii）Comparisonofonsettemperature

The startlngtemPeratureS Tland T20bserved by DSC and SAXS，reSPeCtively，are

COmParedinFig．6．19．TlaSObservedby SAXS showsthe onsetofstruCturalchange．The

SAXSresults showTlOfthe struCturalonsetislOChigherthanthe TlObservedbyDSC

（thermalonset）result．Thisfactstronglysuggeststhatthereisatimelagbetweenthestarting



91

77

一
ヽ
J
　
　
　
　
　
　
　
コ
J

〔
U
L
巴
m
】
已
已
E
U
〓
没
己
○

一　一一　DSC

－光一ray

OS〔＝0・1wt鞄

●SC＝0・2、Vt鞄

騙芸≡≡＝拒…空曹：Tユ

■軍書享言T．
■、■

●

0．0　　　　0．5　　　　1．0

Impu叫fr誠tio軋IF岬）

Fig．6．19　　Comparisonoftheonsettemperatureoftransition

asobservedbyDSCandSAXSl6］．

motionofthestruCturalchangeandtheabsorptlOnOfthethermalenergy．TheT2Valuesare

almostidenticalinbothmeasurements．Thisfactsuggeststhatthe struCturalchangeinthe

MH→Rtransitionappearssoona氏ertheabsorptlOnOfthethermalenergy．

Pv）Observationwithpolarizingmicroscope

Fig．6．20shows theimage ofalozenge－Shaped pure crystal（sample A）during the

intermediatestageoftheML→MHtranSition．Thelongandshortdiagonalscorrespondtothe

CryStallographicaL－andbL－aXeS，reSPeCtively．Thelozenge－edgesarethe（110）LPlanesofthe

ML CryStal．The phase transition beginsfrom the edge and the tip of the two（110）L

boundariesmovesalongthebL－aXisaspolntedoutbyarrows．AftertheML→MHtranSition，

thereglOnMHbecomesdarkduetothedifRrenceofmolecularorientationwithrespecttothe

ML State．The movement ofthe boundarylS amaCrOSCOPIC Phenomenon ofthe ML→MH

transition．

TheefRctofimpuritieswasalsoinvestlgatedthoroughlyfortheothersampleswiththe

heattreatmentfollowlngarateOflOC／min．ConsistentwithDSCandX－raymeaSurementS，

thetransitiontemperatureobservedfromtheboundarymovementisloweredwithincreaslng

IFandSc．However，theboundaryresemblesinallthesampleswheretheML→MHtranSition

COmmOnlystartsfromtheedgesoftheimpurecrystalsproduclngtranSitionfrontiersparallel

tothe（110）LPlane．

Inthepresentwork，thesamplewasheatedfbrallthreemeasurementtechniquesviz．，

DSC，SAXS and microscopy．During the heat treatment，the measured temperature was

COnSidered to be the same as the sample temperaturein DSC and SAXS measurements，

because the temperature was monitored by athermOCOuPle placedin the vicinlty Ofthe

SamPlewhichwasundercompletethermalinsulationfromtheenvironment．Therefbre，the

temperaturesofDSCandSAXSaresu切ecttoamaximumerrorof0．250C．InFig．6．19，the

T2Values showagoodntinbothmeasurements．ThisfactstronglyindicatesthatthelOC

deviationobservedinTlismeanlngfulandhighlyaccurate．
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Fig．6．20　AnoptlCalimageduringthesolid－SOlidphasetransitionof

alozenge－ShapedsinglecrystalofsampleAl6］．

何　Defectsinducedbytheimpurity

The resultsin Fig．6．14clarifythatthe solid－SOlid transition temperature decreases

dependingonIFandSc．IFmuStPlaytheleadingroleandSchasanadditionalefRct，because

thereisnotemperaturereductioninthepuresamplescrystallizedatdifRrentSc（Fig．6．15）．

In orderto explainthe decrease ofthetransitiontemperature，We丘rstdiscussthe defbcts

insidethecrystalwhicharethestarting（onset）ofthetransition．

Thelow－angle streakofFig．6．17（a）suggeststhatsample C containsthinplain－like

defbctsdevelopedperpendiculartothelamellarnormal．Consideringtheaveragemolecular

crosssection＝18Åinthecrystal，itisdifncultfbronemoleculetofbrmaflatdefbct．Allthe

SamPles，eXCePt fbr A and D，Were CryStallizedfrom a binary mixture ofC36and C32

molecules，Wherethedifferenceofchainlengthbetweenthesemoleculeswas5．08Å．Ifwe

COnSiderthegathering（aggregation）ofseveralC32molecules，thenthevoidspreadsinthe

interlamellarregionasshowninFig．6．17（b）．

We takeinto account an additionalefRct due to the Sc during the crystallization，

becausethesolutionconcentrationcontroIsthegrowthrateresultinglnaSurfaceroughnessin

thelamellar struCture at higher concentrations．As the DSC resultsindicate a strong

COrrelationbetweenIFandSc，theroughnessmustonglnatefromthevoidofC32．Hencethe

flat－ShapeddefbctsshowninFig．6．17（b）aredevelopedbymultipledefbctsofIFandSc．

（，i）Onsetofthetransitionfromprimarynucleation

Forthesolid－SOlidtransition，themolecularpackingoftheMLCryStalmaycontrolthe

transition temperature．In aperfbct crystal，the thermalvibrations and／Or rotations ofthe

molecules are strictly restricted due to the steric hindrance oftheidentical molecules

OCCuPylngbytheregularlattices．Thusthecooperativemotionofmoleculesfbrtheonsetof
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the solid－SOlidtransition requlreS ahigherthermalenergy．Hence the transition occurs at

highertemperatureinthepurecrystal．

Incaseofbinarycrystals，thetransitionisconsideredtostartfromthedefbctbecause

themolecularmovementislessrestrictedattheperipheryofthedefbcts．Ifweconsiderthe

transitionnucleus，the number，N，OfthenucleuscanbeasslgnedasN＝P。×Nd，WhereP。

andNdaretheinitialnucleation－rate（probability）andthenumberofdefbcts，reSPeCtively．Nd

normallydependsonIFintheimpuresampleandappearsasspontaneousdefbctsinthepure

SamPle．Ndis also emphasized by Sc as mentionedinthe previous discussion．Since the

PrlmarynuCleiincreasewithN，thetransitionstartsatlowertemperaturewithincreaslngIF

and Sc．Fromthese concepts，the results observed by DSC（Fig．6．15）can be consistently

explainedbynucleationinducedfromthe defbcts．Intheinitialstage，thetransition must

developin alateraldirection without spreading to the neighboringlamellae（longitudinal

direction）．

Thepolarizlngmicroscopyshowsthatthesolid－SOlidtransitiondevelopsonthefrontier

（Fig．6．20）．This nnding reveals thatthe ML→MH tranSition proceedsin the bulk region，

Whereanumberoflamellaemovecooperatively．AcrystalofO．5mmthicknesscontainsmore

thanlO41amellae where the cooperative transition must propagatein a direction

PerPendicular to thelamellae．Thus，the bulk transitionfrOntier requlreS a SeCOndary

nucleationdeveloplngfromtheprlmarynuClei．

InFig．6．19，ValuesdeterminedbySAXSarealwaysshiftingtomorethanlOChigher

thanthevaluesobservedbyDSC．Fromthisdiscrepancy，1tisclearthatthethree－dimensional

PrOPagationofthesolid－SOlidtransitionrequlreSahigherenergyortimeretardation．

The above results can be explainedifwe denne the secondary nucleation withthe

ValueofPxN，WherePisthebulknucleation－rate（probability）amongthenucleationsitesN

（N＝P。×Nd）．Initially，thetransitionstartsatthenucleationsitesNfbrwhichtheDSConset－

temperatureappearsdependingonthethermalmovementofthemolecules．Inthisstage，the

SOlid－SOlidtransitionislocatedaroundthe defbcts showlngnOChange oflamellarspaclng．

After a while，the secondary nucleationis grownin the bulk．Then atransitionfrOntier

Observed by the microscope moves and spreads through the crystal．After growlng and

PaSSingthefrontier，the（001）LPeakchangestothe（001）HPeakasobservedbySAXSatTl．

Thus，thedi脆renceinTIValuesbetweenDSCandSAXSisexplainedbythetimelagfbr

developmentofthesecondarynucleationfromtheprlmarynuCleationsites．

The mostprobable position ofthe secondarynucleationisthe edge ofthelozenge－

Shaped single crystal，because the molecules can easily move withlessinhibition ofthe

SurrOundingmolecules．Asaresult，thetransitionboundaryoccasionallystartsfromtheedge

Ofthe slngle crystal．During the solid－SOlid transition，both the prlmary and secondary

nucleationdependsonNdforwhichthetransitiontemperaturesobservedbyDSCandSAXS

andoptlCalmicroscopydecreasewithIFandSc．

（viii）ChangeofX－rayintensityandtheonsetmechanismofothertransitions

In the SAXS results of Fig．6．17，theintensity ofthe G－SCattering decreases with

increasingtemperatureandtheintensityofthe（001）HPeakalsofallsattheMH→Rtransition．

As the molecular movementsin the MH State are enhanced due to high temperature，a

decrease of G－SCatteringintensityis obtained by migration of defbcts withincreased
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molecularmovements．Thereafter，themolecularmotionsaresu切ectedtofurtherincreasein

therotatorphasefbrwhichthedefbctstruCtureCOmPletelydisappearsandG－SCatteringisnot

foundinthe SAXSpattemS．ThedensltydifRrencebetweenthelamellarandinterlamellar

PartSalsodecreasesduetotheincreaseofthemolecularmotionintheRstatefromtheMH

StateandhencetheintensltySharplyfallsintheSAXSresults．

InFig．6．15，thetransitiontemperaturesoftheMH→RandR→LarenotafRctedbyIF

and Sc．In the states of MH and R，thelamellar surfaceis more disordered due to

enhancementofmolecularmotions．Accordingly，thetransitioncommenceswithoutanytlme

lagasevidentfromtheT2ValuesofFig．6．19．DuetotheroughnessintheMHandRstruCtureS，

theonsetoftheMH→RandR→LtransitionsoccurswithlessdependenceonIFandSc．

6．6ConcludingRemarks

l．C36exhibitsML，MH，andRphases．Thelongchainmoleculesarealignedparalleltoeach

Otherinthelayer．Thelatticeconstantsofthephasesarecon丘rmedandnewlydeterminedin

the presentresearch．The crystalline constants are glVenin Thble6．5，Wherethe value c

includesinterlayerspaclng．

Table6．5　LatticeconstantsandcrystallographicorientationsofC36crystall2，3，10，11］．

Phase　α（Å）∂（Å） C（Å）　 α（○） β（○） γ（○） Tem p．（OC）

M L　　7．42　 5．57　 48．35　 119．1　 90　　 90 20

M H　　7．76　 4．90　 48．27　　90　　 106　　90 20

M H　　8．13　 5．00　 48．50　　90　　 107　　90 63

R　　　4．98　　8．62　　48．10　　90　　107　　90 75

2．mesolutiongrowncり′StalhastheMLjbrm．Moleculesareinclinedinthebc－Planeby

29・10composedwiththelayer・Ordersof1041ayersarepileduplnaSlnglecrystal・

3．0ntheheatlngPrOCeSSOftheMLSlnglecrystal，themoleculesarecooperativelymovedto

theorthorhombicstatewithoutinclination，thenagalninclinedintheac－PlaneintheML→MH

transition．meco呼，erativeandsimultaneousMi→0→脇motioniscalledthestandrlq，

／〃どぐみrJ〃在／〃．

4．DuringtheML→MHtranSition，theslnglecrystalfrequentlyrevealstwinnlngWithrotatlng

the crystalline axis by230．The twinjbrmationis more advantageous overthe stand－uP

mechanism，becausethecooperativemotionofmoleculesduringML→Oneedhigherenergy．

Hence the twinned mechanism occurs atlower temperature than that of the stand－uP

mechanism．Incontrast，thetwinfbrmationisaccompaniedbytheexpansionofaL－aXisand

COntraCtionofbL－aXis．Thechangeindimensiondisturbsthecrystalgrowth．Thetwinned

mechanismis thenlimited to alocalefRct activatedin a small reglOn．Thisis why no

reflectionfromMHlayershasbeenobservedintheearlystageofthetransition．



95

5．DuringtheML→MHtranSition，theslnglecrystalisfracturedintopoly－CryStallites，Which

CauSeStheirreversiblephenomenaintheML→MEltranSition．

6．IncreaslngtemPeratureS，theMLmOleculesareoscillatedbytheso－Calledflip－flopmotion

Withshiftingalongthechaindirection．ThesurfaceroughnessoftheCH3terminalsintheMH

Statehasadvantagefbrthemovement．ThenMi→Mitransitioniscontrolled如thesu匝ce

J・〃〃．函JJハ、

7．Using homologous C32molecules，theimpurlty efRct connrmS the enhancement of

ML→MHatlowertemperature．Consideringthenucleationofthephasetransition，theresults

OfDSCandSAXSareconsistentlyexplained：theimpurltyPrOducesdefbctsattheinterlayer．

〃レ〃Jn‘り，J叛・‘砧JJ・ぐ・イJ〟rJ川JnJ高…八l／ん・…中可恒・J‘・dJ〃〟けJ川JJ血・J・・イJ〟＝／小・l・八　丁llし

transitiontemperaturebyDSCislowereddepending onthe defbcts．Forthe macroscopIC

transitionincluding104layers，ltisnecessarytohavealargerdefbct，takingaretardation

timeasobservedinthe SAXSresults．

8．For the macroscopIC Phenomena observed by the polarized microscope，the clear

transition domainindicates the macroscopIC tranSition appeared atthe edge ofthe slngle

CryStal．Asthecooperativemotionoftheseveralhundredlayers，themacrosc呼，ictransition

八J…J叫り，J叛・‘Ⅵん・l／中り〟ハJ′J…／－〃〃〃八・l・〟′＝八川

lI hJ〟rJ肌小一l・り・、J〟／／た′JJん…小川C、J〟rJJ川l・Jγ、J〟／／んJハJ〟付・イJ〟‘・lJJJ′J…／Jり，〟〟Ⅵ・Hm・

determined as shownin Thble6．5．The L→R and R→MH tranSition mechanismis also

discussed：Throughthepossiblenematicand／orsmecticstates，themeltmoleculesaregrown

toR．Bydecreaslngthetemperature，R→MHOCCurSby300rotationofthetiltdirectionas

wellasbyO．5ÅanisotropiccontractionoftheintermOleculardistance．Aftercoolingthe

SamPletoroomtemperature，theMHformundergoesfurtherthermalcontractiontoO．37and

O．10ÅinthedirectionofaH－andbH－aXis，reSPeCtively．
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