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CIIAPTERI Generalintroduction

l．1De鎖mitionofnanonber

Withtherapiddevelopmentofnanoteclm0logy，therehavebeenasignificantly

increasingnumberofstudiesonnano且bersandtheirapplications．TheIntemational

Standards．Organization（ISO）Considers nanomaterials to be materials that are

typicallybutnotexclusivelybelowlOOnminatleastonedimension．However，in

infbrmalnonwovens，teXtile，andotherenglneered且bersinddstries，ithasbeenwell

acceptedthatnano貢bersare且berswiththediametersmallerthanlOOOnm［1，2］．h

1992，CarbonnanOfiberswerediscoveredtogrowspontaneouslybyd甲OSition倉om

Catbonv叩Or［3］・Afterthat，manyOtherteclmiqueshavebeendevelopedtofabricate

nano且berssuchaselectrospinning［4，5］，Selflassemblyl6，7］，Phaseseparationl8，

9］，etC・Duetothenanoscalediameter，．nanOfiberspossesshi芦h－Surface－tO－VOlume

ratios whichhelp to enhanCeinteractioris betweenthenanbfibers andtargeted

Substratesindi飴rentfieldscomparedtoothermicro－tOmaCrO－Sizematerials．Thus，

employingnanofiberscouldbeapromlSlngqPPrOaChfbrtheadvanceddevelopments

inscienceandtechnology．Inthischapter，Weaimtosummarizetheteclmiquesfbr

PrOducingnan0丘bersandrecentachievementsintheirapplications・

1．2Fabricationmethodsofnanofibers

l．2．1Electrosplnnlng

ElectrosplnningisatechniqueuslngelectrostaticfbrcestofabricatenanOfibers・

AsshowninFigure1－1，Whenahighvoltageisappliedtothedropletofapolymer

solution，the molecules of the solution becomes charged andanelectrostatic

repulsionoccurs，Whichcounteractsthesurfacetensionofthedroplet・Whenthehigh

voltageincreasestoacriticalpoint，ajetofthesolutioniseruptedftomtheliquid

surface．AsthesoIventevaporates，furtherstretchingofthechargedjetunderthe

electrostaticfbrceswillpushitintoabendinginstabilitystage・Theelongationand

thinningofthechargedjetduetothisinstabilityleadtothefbrrnationofcontinuous

fiberswithdiametersinnanoscale・BasedonthisprlnCiple，diffbrentelectrosplnnlng

SetuPSaSWellasdi飴renttypesofcollectorshavebeendesignedtocreatevario11s

nanofibrousarchit占ctures［4，5］．
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Co鵬dor

Figure1－1Theprocessofelectrosplnnlng

The sh叩eS and dimensions ofthe nbers fbrmed depend on alarge set of

ParameterS，for example，theproperties ofthepolymeritself（such as molecular

Weight，mOlecular－Weightdistribution，andsolubility），aSWellthepropertiesofthe

POlymersolution（suchasviscosity，Surfacetension，andelectricalconductivity）［4］．

ThevaporpressureofthesoIventandtherelativehumidityofthesurroundingscah′

alsohaveasigniBcantimpact．FurthermOre，thepropertiesofthesubstrate，thefbed

rate ofthe solution，andthe neld strength and geometryofthe electrodes（apd

therefore，theformOftheelectric重eld）playamqiorroleinnberformation．Lower

diameternbers with unifom mOrPhologleS Were PrePared by electrosplnnlng Of

POly（vinylidene　fluoride）（PVDF）With tetrabutylammonium chloride（TBAC），

WherebyTBACincreasedtheelectricalconductivityofthesolutionl10］．Electrically

induceddoublelayerincombinationwiththepolyelectrolyticnatureofsolutionwas

also anticipated as a methodforformation of high－aSPeCt－ratio polyamide－6

nanofiberswithdiametersassmallas9－28nml11］．

Commonly，randomly oriented且bers are deposited on a nat collector plate

fbrmlnganOnWOVenmatOf丘bers・Anotherapproachcommonlyappliedisuslnga

SPinneretcontainingtwoneedlestoproducecompositenanonbersl12］．Moreover，
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manydifEbrenttypesofmolecules canbeincorporatedintothe負bers andawide

rangeofpolymerSareelectrospuninvarying蔦berdiametersranging丘om＜100nm

tomicrometerlevelsviaelectrosplnnlng・Controlledfiberdepositionteclmiquesare

also applied fbrthe preparation ofaligned nano丘bers，On arOtation drum or a

rotatingdisk・Usingacollectordesignedoftwoconductivestripsseparatedbyavoid

gap of desiredwidth，uniaxially aligned nanofibers were produced too・The

alignmentofthefiberscouldinducecellelongationandreorganizethecytoskeletal

StruCtureSthatregulatethecelladhesionandmorphology・However，electrosplnnlng

haslimitationsoflowproductivity，aSSOlutionsareusuallyfbdatalowratesoasto

PrOducefibersoflowdiameter・

Variousstructuralvariationsofthenanofibersincludecarefu1designofcore－Shell

nanofibers，POrOuS SCaffblds or even multilayered斤ber struCtureS・Electrospun

nanOfibers ofthesearchitectures canactas drugdeliveryreservOirsfbrcontro11ed

andtimelyreleaseofdrugs，PrOteins，antioxidants，andothermoleculestothesiteof

tissuerepair．TheuseofmoltenpolymerStOPrOduceelectrospunmatSinhOducedas

“melt electrospinnlng”is an environmentally benign process sinceitimplies a

soIvent fiee approach［13］・Cellularinfiltration within the electrospun scaffbld

remains a great challenge and methods such as cell electrospraylng are also

concurrentlyperfbmedduringthefhbricationofavascularconduit［14］・Benefitsof

electrospinningteclmiqueareplenty，butchallengesofobtainingathree－dimensional

（3D）scaffbldbyelectrospinningstillremainsafieldofexploration・

Nano鎖brous andmicro且brous3D sca放）1ds ofdesiredshapeandsizearemore

prefbrred aslmPlantable materials compared tothe electrospun2D scafEblds・

Comparedtoelectrosplnnlng，them句OradvaptageofselfJassemblyisthatitcan

producefinenano丘berssmallerthanlOnmandthesenanOfiberscouldbeappliedas

iIかCtablescaffbldsfbrtissueregeneration・Poresizes（interspaceamongnanOfibrous

mats）of5－200nmareinsufncientfbrcellmigrationandproli氏ration［15］・Inthis

respective，bothelectrosplnnlngandself－aSSemblyhaveonecommOndrawback，Of

incapabilitytocontroltheporesizeandporestructureofthescafEblds・Thechallenge

tointegratenanofibersintousefuldevicesrequlreSWel1－COntrOlledorientation，Size，

andothertargetcharacteristicsofthenan0且bers・Reproducibilityinlocatingthemin

specinc・POSitionsandorientationsstillremaintobefaced・
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1．2．2Selfassembly

Self二assemblyisatypeofprocessinwhichadisordere4systemofpre－eXisting

componentsfbmSanOrganizedstructureorpattemasaconsequenceofspecific，

localinteractionsamOngthe compqnentsthemselves，Without extemaldirection・

Whentheconstitutivecomponentsaremolecules，theprocessistermedmolecular

selfJassembly・Fornano且ber伝brication，Selfassemblyis abottom－uPPrOCeSSin

whichsmallmoleculesspontaneouslyassembleintowe11－OrderednanOfibers・The

fbrmationofthisstruCtureisinducedbymanyinteractions，including几一花StaCking，

hydrogenbonds，nOn－SPeCificvanderWaalsinteractions，electrostaticinteractions，

andrepulsivestericfbrcesl6］．Normally，thebasicmoleculestofabricatenanofibers

usingthistechniquearepeptideamphiphiles（PA）・Theyconsistofadialkylchain

moiety（hydrophobiccomponenutailgroup）attachedtoanN－a－aminogroupofa

pdptide chain（hydrophilic componentnlead group）［7］・The peptides can be

Self－aSSembledbymanyreagentSSuChasacid，divalention，andcovalentcapture，etC

［6］．

BioactivesequenceswereintroducedwithinPAwithfbrmationofthetriplehelix

StruCturebyMalkar et al［16］anditdemonstratedmuch similarityto thenative

Self－aSSembledtriplehelixoftheextracellularm如rixCECM）．Theself－aSSemblyof

PAsintonanOfiberswasdevelopedbyenglneerlngOfthepeptideheadgroupofthe

PAbycontrollingthepHofthesolutionl17］．Withadvancesinthis負eld，eVenthe

OSteOgenic diffbrentiation ofmesenchymal stem cells（MSCs）was possiblein

SelPasse血bledPAnan0且berscontainingRGDpeptidesequencesl18］・Moreover，

PAscanbeselfJassembledreversiblyintonano且bersandhenceitcouldbeqppliedl

fbrversatilematerialfabrications．ftproducednanofibersinhighyieldwithlow

POlydispersity，enablingfurtherexplorationofthismethodfbrdeveloping“smart”

biomaterialscaffbldsfbreffbctivetissueregeneration．

1・2・3Phaseseparation

Thermallyinducedphaseseparationwascommonlyemployedduringtheearly

daystoproduceporouspolymeriCscaffblds・Themethodwas exploredfurtherto

PrOducenanOfibrous3Dstructures丘omavarietyofbiodegradablepolymersbyMa

andZhangetal・［8，9］・Scaffbldswithporousstructureandinterconnectedspacesare

greatlysuitable fbrimplantation，mainlybecausethe continuous鎖brous network

4
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PrOVideinterconnectingmechanicalsupportfbrcellattachment，PrOlifbration，and

migrationl19］・The selection ofpropersoIventis consideredas one ofthemost

Criticalstepofnano且brousstructurefbrmationduringthisprocess．Thefbrmationof

thenano且brousstructureispostulatedtobecausedbyspinodalliquid－1iquidphase

SeParationofthepolymerSOlutionsandconsequentialcrystallizationofthepolymer

richphase・ThemethoddoesnotrequlreSPeCializedinstrumentsanditalsoallows

fbrbatchtobatchconsistency，WhilethearchitectureandscafEbldpropertiescanbe

COntrOlledeasilybyvarylngthepolymerCOnCentration，gelationtemperaturekime，

SOIvent，and丘eezing temperature［8，9］・Such3D macroporous structures are

advantageoustothecellstoabsorbnutrients，reCeiveslgnals，andtodiscardwastes．

Thepresenceofbothnano－andmacro－StruCtureS atthenanOnberlevelprovides

additionalbenefitstocelldistributionandresponsel9］・

Table1－1．Advantagesanddisadvantagesoffabricationmethodsofnanofibers．

Faljricationapproach ��Gf�蹤�vW2�Disadvantages 

Electrosplnnlng ���F��踐f�&W'6�&Vﾆ�r��襷6�F也V�2�(�F觚�&免宥末贍�FW&��ﾂ�1・，Smallporesize【15］ 

selectidn �(�FF貿�7VﾇGF�WFf�&W'2�

3．variousarChitectures 要友���ﾖWFW&ﾆW77F��經��

OrPatternSCanbe Created，bulkstructure canbefbrmed 猛�

SelfLassembly �6WGU�v�6蔔F觀VFVB�1．1imitedrnaterial selection 2．0nlyshortnanonbers （usuallylesstha亘m SCale）canbe hbricated 

Phaseseparation �6儲�ﾆV'Vﾆｷ7G'V7GW&V6���V�6棉�&Vf&ﾖVB�limitedmaterials占1ectibn 

5
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1・3Applicationsofnanofibersviaelectrosplnnlng

l．3．1Forcompositesapplications

One ofthe mostimportant applications of conventional丘bers，eSPeCially

englneenng fibers such as carbon，glass，and Kevlar fibers，is to be used as

reinfbrcementfillersin’compositedevelopments［20］・Withthesereinfbrcements，the

COmPOSitematerialscanPrOVidesuperiOrstructuralpropertiessuchashighmodulus

読d strengthto weight ratios，Which generally cannot be achieved by other

englneeredmonolithicmaterials alone．Thus，nanO萬berswillalso eve血allyfind／

ipIPOrtantaPPlicationsinmakingnanocomposites・ThisisbecausenanOfiberscan

haveevenbettermechanicalpropertiesthanmicrofibersofthesamematerials，and

hence the superiOr structuralproperties ofnanocomposites can be anticipated・

Moreover，nan0丘ber reinfbrced composites maypossess some additionalmerits

Whichcannotbesharedbyconventional（micro且ber）Composites・Forinstance，if

thereis a di飴renceinre＆activeindices betweenfiber andma虹ix，theresulting

COmPOSitebecomesopaqueornontransparentduetolightscattering・Thislimitation，

however，Canbecircumventedwhenthe斤berdiametersbecomesignincantlysmaller

thanthewavelengthofvisiblelight［21］．Perhapsthem毎orityworkinthecurrent

literatureOnnanOfibercompositesisconcemedwithcarbonnanofiberornanOtube

reinfbrceplentS．Thesenano斤bers ornanotubesaregenerallynotobtainedthrough

electrospmnlng・

Severalcomprehensivereviewshavesummarizedtheresearchesddneuntilvery

rece血lyonthesecomposites［22－25］・Ontheotherhand，SOfarpolymernan0鎖bers

made丘omelectrosplnninghavebeenmuchlessusedascompQSitereinfbrcements・

Onlylimited researchers have tried to make nanOCOmPOSites reinfbrced with

electrospun polymer nanOfibers．hfbrmation on the fabrication and

struCthre－PrOPertyrelationshipcharacterizationofsuchnanocompositesisbelieved

tobeusefu1，butisunfbrtunatelynotmuchavailableintheliterature．Renekerl26］

investigatedthereinfbrcinge脆ctofelectrospunnano丘bersofpolybenzimidazole

O？BI）inan甲0XymatriXandinarubbermatriX．ThePBIpolymerWaSelectrospun

into non－WOVen fabric sheets，Whichweretreatedwithaqueous sulfuric acid and

Otherproceduresfbrcompositefabricationl27］．Therubbermatrixwasmixedwith

thechoppedfiberfabriCswhichweremadebycuttingthenonwovennan0斤bersheets

6
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into O・5cmsquares，andwas compressionmoldedinto compositesamples．Fiber

COntentS Of3－15％byweightwere determined by extractingthe斤bers丘om the

uncuredmixturewithtoluene．Tehsile，3－POintbending，doubletorsion，andteartests

WerePerfbmedfbrtheepoxyandrubbernanocorrposites，reSPeCtively・Asthetested

SamPleswereinnormaldimensions，relevantteStlngStandardswerelfbllowed．Itwas

fbundthatwithincreaslngCOntentOf負bers，thebendingYoungsmodulusandthe

丘acturetoughnessoftheepoxynanocompositewereincreasedmarginally，Whereas

the丘actureenergylnCreaSedsigni鎖cantly・FortherubbernanOCOmPOSite，however，

theYodng’smoduluswastentimesandthetearstrengthwastwiceaslargeasthatof

theun別ledrubbermaterial．BergshoefandVanC占ofabricatedananocompositeuslng

electrospunNylon－4，6nanofibernonwovenmembranesandanePOXymatrix［28］．

Afterelectrospirmlng，themembraneswerewashedwithethanolanddriedatroom

temperatureandatmosphericpres苧ure，andthenwereimpregnatedwiththeepoxy

resinby dippingtheminto the diluted resin・The composite且lm samples were

Obtainedaftertheresinimpregnatedmembraneswerecuredatroomtemperature．

Tensiletestswereconductedfbrthecompositeaswellasthemonolithicmatrixfilms．

It was reportedthat boththe sti放1eSS and strengthof the composite were

signincantlyhigherthanthoseoftherefbrencematrixfilmalthoughthefibercontent

WaSlow．AUSpatentwasissuedtoDzenisandReneker［29］whoproposedusing

polymer nano丘bersin betweenlaminas ofalaminate toimprove delamination

resistanCe．They arranged PBInano貢bers attheinterfaces between plies ofthe

laminatewithoutasubstantialreductionfbrthein－Plainpropertiesandanincreasein

Weightand／orplythickness・

ItwasreportedthatbyincorporatingelectrospunPBInanonbersof300－500nm

diametersin－betweenaunidirectionalcompositesmadeofgraphite／epoxyprepregs

ofT2G190／F263，ModeIcriticalenergyreleaserateGIcincreasedby15％，Whilean

increaseof130％intheModeIIcriticalenergyreleaserateGIIcWaSObserved．Upto

date，the polymer COmPOSites reinfbrced with electrospun nan0丘bers have been

developedmainlyfbrprovidingsomeoutstandingphysical（e・g・OPticalandelectrical）

and chemicalpropertieswhilekeepingtheirapproprlatemeChanicalperfbmanCe・

ForinstanCe，inthereportbyl21］，theepoxycompositewithelectrospunnylon4，6

nan0Bbersof30－20■Ormdiametersexhibitedacharacteristictransparencyduetothe

7
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fibersizessmallerthanthewavelengthofvisiblelight．Itis alsonotedthatsingle

Wall carbon nanotube（SWNT）reinfbrced polyimide compositein the・fbrm of

nan0丘brous且lmwasmadebyelectrosplnnlngtOeXPloreapotentialapplicationfbr

SPaCeCraftsl30］．Carbon nan0頁bers fbr composite applications can　also be

manufactured丘omprecursorpolymernanofibers［31－35］．Suchkindofcontinuous

Catbonnan0斤bercompositealsohaspotentialapplicationsas別tersfbrseparationof

Smallparticles丘om gas orliquid，SuPPOrtS fbrhigh’temperature catalysts，heat

managementmaterialsinaircraftandsemiconductordevices，aSWellaspromlSlng

Candidates as smallelectronicdevices，reChargeablebatteries，andsupercapacitors

［36－50］．

Duetolimitednumberofpaperspublishedintheopenliterature，manylmPOrtant

issuesrelevanttonanocompositesreinfbrcedwithelectrospunpolymernano重berP

haveessentiallynotbeentakenintoaccountyet．Forinstance，itiswellknownthat

theinterfacebondingbetweenapolymer且berandadif稔rentpolymermatriⅩis

generallypoor．HowtomodifythisbondingfbrpolymernanOfiberpolymermatrix

COmPOSitesseemstohavenotbeentouchedatall，althoughthereareavastnumber

Ofpublications onthis topic fbrtraditional且brous compositesintheliterature・

FurthemOre，little work has been done onthe modeling and simulation ofthe

mechanicalproperties ofnano丘ber composites．Although many micromechanics

models have been developed fbrpredictingthe stifhess and strength of且brous

COmPOSitesl51］，WhethertheyareStillapplicabletonanofibercompositesneedsto

bever漬edl52］・Comparedwithitscounterpartfbrconventionalfibrouscomposites，

One Ofthe main bamiers totheimplementation of such work fbr nanOfiber

COmPOSitesisthatonedoesnotknowthemechanicalbehaviorofsinglepolymer

nano負bers．

Severalreasonscanbeattrib血edtothelessdevelopmentofelectrospunpolymer

nan0且berreinfbrcedcomposites・Firstofall，nOtSufRcientquantityofuniaxialand

COntinuous nanOfibers hasbeen obtained andcouldbeusedas reinforcements．Itis

Wellkn0wn丘omcompositetheoryandpracticethatthes叩eriorstruCturalproperties

Canbeachievedonlywhen丘bersarearrangedinpre－determineddirectionssuchas

in unidirectionallaminae，multidirectionallaminates，WOVen Or braided．fabric

reinfbrced composites．To makethese composites，COntinuous fiber bundles are

necessary．Thenonwovenorrandomlyarrangednan0丘bermats，aSCOllectedtodate

8
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放om electrospinnlng，gdnerally cannotresultin asignificantimprovementinthe

mechanicalproperties ofthecompositeswiththeirreinfbrcement．Anotherreason

maybethatpolymerSyieldingthese且bersaregenera11yconsideredaslesssuitable

fbrstructuralenl1anCement・AlthoughcarbonnanOfibersarepnncipallyachievable

丘om post－PrOCeSSing of electrospun precursor polymer nanOfibers such as

POlyacrylonitri1e（PAN）nanofibers［53－54］，these重bers seem to have not been

ObtainedinlargequantityofcontinuoussingleyamSyet．Thus，eXtenSiveworkboth

放omthe standpointofnanofibercomPOSite science（fabrication，Characterization，

modeling and simulation）and丘omindus正ialbase（applications）viewpointis

necessaryinthefuture．

1・3・2Forbiomedicalapplications

Almostallofthehumantissuesandorgansaredepositedinnano負brousfbmSOr

StruCtureS．Examplesinclude：bone，COllagen，Cartilgge，andskin．Allofthem are

Characterized by well organized hierarchical fibrous structures realignlng　in

nanOmeterSCale．Assuch，CurrentreSearChinelectrospunpolymernano丘bershas

fbcusedoneoftheirmqorapplicationsonbioenglneerlng．Wecaneasilyfindtheir

PrOmlSlngPOtentialinvariousbiomedicalareas・

a．Medicalprostheses

Polymer nanO且bers fabricated via electrosplnnlng have been proposed fbr a

number of soR tissue qpplications such as blood vessel，VaSCular，breast，etC．

［55－61］．In addition，elettrospun biocompatible polymer nanOnbers can also be

depositedasathinporousfilmontoahardtissueprostheticdevicedesigned‾tObe

implantedintothehumanbody［62－64］・This coating且1mwithgradient負brous

占truCtureWOrksasaninterphasebetweentheprostheticdeviceandthehosttissues，

andis expected to efnciently reduce the sti放leSS mismatch atthe tissue／device

interphaseandhencepreventthedevicefailureaftertheimplantation・

b．Tissuetemplate

Forthetreatmentoftissuesororgansinmalfunctioninahumanbody，OneOfthe

challenges to the field oftissue englneering化iomaterialsis the design ofideal

SCa放）1ds／syntheticmatricesthatcanmimicthestruCtureandbiologicalfunctionsof

thenaturalextracellurlarmatrixCECM）．Humancells canattaChandorganizewell

arOundfibers with diameters smallerthanthose ofthe cells［65］．hthis regard，

9
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‾nanOSCalefibroussca放）1dscanprovideanoptimaltemplatefbrcellstoseed，migrate，

andgrow．Asuccessfulregenerationofbiologicaltissuesandorgans callsfbrthe

development of且brous struCtureS With fiber architectures beneficial fbr．cell

depositionandcellprolifbration．Ofparticularinterestintissueenglneerlngisthe

Creation ofreproducible and biocompatiblethree－dimensional sca放）lds fbr cell

lngrOW血resultinginbi0－matriXCOmPOSitesfbrvariOustissuerepalrandreplacement

procedures．

Recently，PeOPle have startedto pay attentionto making such scaffbldswith

Synthetic biopolymerS and／Or biodegradable polymer nanofibers［66－81］・Itis

believedthat convertingbiopolymerSinto丘bers andnetwotks thatmimicnative

StruCtureS Willultimately enhanCetheutilityofthe＄ematerials aslarge diameter

丘bersdonotmimicthemorphologicalcharacteristicsofthenativefibrils・

C．Wounddresslng

Polymernan0丘berscanalsobeusedfbrthetreatmentofwoundsorbumsofa

human Skin，aS Well as designed fbr haemostatic devices with someun1que

Characteristics．Withtheaidofelectric丘eld，finefibersofbiodegradablepolymers

Canbedirectlysprayed／spunOntOtheiduredlocationofskintofbma重brousmat

dressingFig．1－2，Whichcanletwoundshealbyencouragingthefbrmationofnomal

Skin growth and eliminatethe fbrmation ofscartissue whichwould occurin a

traditionaltreatment［82－84］．Non－WOVennan〔甫brous．membrane mats fbrwound

dresslnguSuallyhaveporesizesranglng倉om500nmtolmm，Smallenoughto

PrOteCt the wound丘om、bacterial penetration via aerosoI particle capturing

mechanisms．Highsurfacearea Of5－100m2／gis extremely efficient fbr nuid

absorptionanddermaldelivery．
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Figure1－2．Nanonbersfbrwounddressing（www．electrosoIs．com）

d．Drugdeliveryandpharmaceuticalcomposition

Deliveryofdrug／pharmaCeuticalstopatientsinthemostphysiologicallyacceptable

mannerhasalwaysbeenanimportantconceminmedicine．Ingeneral，thesmaller

thedimensionsofthedrugandthecoatingmaterialrequiredtoencapsulatethedrug，

thebetterthedrugto be absorbedbyhumanbeing．Drugdeliverywithpolymer

nano坑bersis based on the prlnCiple that dissolution rate ofa particulate drug

increaseswithincreaslngSurfaceareaofboththedrugandthecorrespondingcarrier

ifneeded．Kenawyetal．investigateddeliveryoftetracyclinehydrochloridebasedon

the fibrous delivery matrices ofpoly（ethylene－CO－Vinylacetate），POly（lactic acid），

andtheirblendl85］．Inanotherworkbyl86］，bioabsorbablenanonbermembranesof

POly（lacticacid）targetedforthepreventionofsurgeryinducedadhesions，Warealso

usedfbrloadinganantibioticdrugMefoxin．Preliminaryefnciencyofthisnanofiber
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membranecomparedwithbulkfilmwasdemonstrated・IgnatiousandBaldoni［87］

describedelectrospunpolymernanOEbersfbrphamaCeuticalcompositions，Which

canbedesignedtoproviderapid，immediate，delayed，OrmOdi鮎ddissolution，SuCh

assustainedand／Orpulsatilereleasecharacteristics・Asthedrugandcarriermaterials

canbemixedtogetherfbrelectrospinnlngOfnan0負bers，thelikelymodesofthedrug

intheresuitingnanOStruCtedproductsare：（1）drugaSParticlesattachedtothe

surfaceofthecarriefwhichisinthefbmOfnan0fibers，（2）bothdrugandcarrierare

nanOfiber－fbm，hencetheendproductwillbethetwokindsofnanOfibersinterlaced

together，（3）theblendofdrugandcarriermaterialsintegratedintoonekindofnbers

containingbothComponents，and（4）thecarriermaterialiselectrospunintoatubular

fbminwhichthedrugparticlesareencap叩1ated．Themodes（3）and（4）maybe

Prefbrred・However，aSthedrugdeliveryinthefbrmofnano且bersisstillintheearly

Stagee叩loration，arealdeliverymodeaRerproductionandefBciencyhaveyettobe

determinedinthe鮎ture．

e．Cosmetics

ThecurrentskincaremaSksappliedastopicalcreams，lotionsorointmentsmay

includedustsorliquidsprayswhichmaybemorelikelythanfibrousmaterial＄tO

mlgrateintosensitiveareasofthebodysuchasthenoseandeyeswheretheskin

maskis being applied to the face・Electrospun polymer nanOfibers have been

attempted as a cosmetic skincaremaskfbrthetreatmentofskinhealing，Skin

CleanSlng，Or Other therapeutical or medical properties with or without

Variousadditives［88］．Thisnan0且brousskinmaskwithverysmallinterstices and

highsurfaceareacanfacilitatefargreaterutilizationandspeeduptherateoftransfbr

Oftheadditivestotheskinforthefu11estpotentialoftheadditive．Thecosmeticskin

mask丘omtheelectrospunnanofiberscanbeappliedgentlyandpainlesslyaswellas

directlytothethree－dimensionaltopographyoftheskintoprovidehealingorcare

treatmeI止totheskin．

£Protectiveclothingapplication

The protective clothingln militaryis mostly expected to help maximizethe

Survivability，Sustainability，and combat efRctiveness of theindividual soldier

SyStemagainstextremeweatherconditions，ballistics，andNBC（nuclear，biological，

andchemical）warfare［89－96］．Inpeaceages，breathingapparatusandprotective

Clothingwiththeparticularfunctionofagainstchemicalwarfareagentssuchassarin，
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SOman，tabun and mustard gas翫）minhalation and absorptionthrough the skin

become special concem fbr combatantSin conflicts and civilian populationsin

terroristattacks．Currentprotectiveclothingcontainingcharcoalabsotbentshasits

limitationsintermS Ofwaterpermeability，eXtraWeight－imposedtothe article of

Clothing・Assuch，alightweightandbreathablefabriC，Whichispemeabletobothair

andwatervapor，insolubleinallsoIventsandhighlyreactivewithnervegaSeSand

Other deadly chemical agents，is desirable．Because oftheir great surfacearea，

nanofiberfabrics arecapableoftheneutralizationofchemicalagentsandwithout

impedance ofthe air and water vapor pemeability to the clothing［97－100］．

Electrospinningresultsinnanofiberslaiddowninalayerthathashighporositybut

VerySmallporesize，PrOVidinggoodresistanCetOthepenetrationofchemicalharm

agentsin aerosolfbrm［101－110］．Preliminaryinvestigations haveindicatedthat

COmParedto conventionaltextilestheelectrospunnanofiberspresentbothminimal

impedancetomoisturevapordiffusionandextremelye餓ciencyintrapplngaerOSOI

particlesl102，106，111－113］，aSWellas sho壷strongpromises asidealprotective

Clothing．

1・3，3Forelectricalandopticalaprilication′

Conductive nano頁bers・are eXPeCted to be usedin the fabrication of tiny

electronic devices ormachines such as Schottkyjunctions，SenSOrS and actuators．

Duetothewell－knownfactthattherateofelectrochemicalreactionsisproportional

tothesurfaceareaOftheelectrode，COnductivenano丘brousmembraneSarealsoquite

suital31efbr uslng aS POrOuS electrodein deveroping highperfbmanCe battery

［114－127］．Conductive（intermSOfelectrical，ionicandphotoelectric）membraneS

also have potentialfbr applicationsincluding electrostatic dissipation，COrrOSion

protection，electromagneticinterfbrence shielding，Photovoltaic device，etC・

［128－139］．Waters et al・［140］reported to use electrospun nanOfibersin the

developmentofaliquidcrystaldeviceofopticalshutterwhichisswitchal，1eunderan

electricfieldbetweenastateinⅥhichitissubstantiallytranSParenttOincidentlight

andastateinwhichitissubstantiallyopaque．Themainpartofthisliquidcrystal

deviceconsistedofalayerofnano鎖berspermeatedwithaliquidcrystalmaterial，

havingathickness ofonlyfbwtensmicrons・Thelayerwaslocatedbetweentwo

electrodes，bymeanSOfwhichanelectric貢eldcouldbeappliedacrossthelayerto

Varythetransmissivityoftheliquidcrystal／nanofibercomposite・Itisthefibersize
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usedthatdeteminesthesensitivitiesofthere丘activeindexdifRrencesbetweenthe

liquidcrystalmaterialandthefibers，andconsequentlygovemsthetransmissivityof

thedevice．Obviouslynanoscalepolymerfibersarenecessaryinthiskindofdevices・

1．3．4Forotherapplication

NanOfibers位om polymers with piezoelectric e飴ct such as pol）Ⅳinylidene

fluoride wi11makethe resultant nan捕brous devices pleZOelectriC・Electrospun

POlymernanOfiberscouldalsobeusedindevelopingfunctionalsensorswiththehigh

surfaceareaofnan0且bersfacilitatingthesensitivity．Poly（lacticacidcoglycolic

acid）nanOfibermmswere employed as anew sensinginterface fbr developing

chemicalandbiochemicalsensorapplicationsl141，142］・High1y＄enSitive optical

sensorsbasedonfluorescentelectrospunpolypernanOnberfilmswerealsorecently

reportedl143－155］．Preliminaryresultsindicatethesensitivitiesofnanofibernlmsto

detectftrricandmercuryionsandanitrocompolind（2，4－dinitrotulene，DNT）are

twotothreeordersofmagnitudehigherthanthatobtained丘omthinfilmsensors・

NanOSCaletubes叩ade放omvariousmaterialsincludingcarbon，Ceramics，metals，

andpolymerSareimportantinmanyindushyBelds・Ultranne且bersprepared丘om

electrospinningcanbeu声edastemplatestodevelopthevariousnanotubes［156，157］・

Ingeneral，thetubematerialiscoatedonthenanofibertemplate，andthenanotubeis’

fbrmed oncethe templateis removed through thermal degradation or soIvent

extraction・Forthispurpose，thetemplatenan0丘berrrtuStbestableduringthecoating

andbedegradableorextractablewithoutdestructingthecoatinglayer・ByusingPLA

nano斤bers，Bognitzkietal．obtainedpolymer［PPX，OrPOly（pTXylylene）］，COmPOSite

Ofpolymer（PPX）andmetal，andmetal（aluminum）nanotubesrespectivelythrough

Chemicalvapor deposition（CVD）coatingandphysicalvqpor deposition CPVD）

COatingandthenthermaldegradation．Thewallthickness ofthetubeswasinthe

rangeOfO．1－1mm［156］．Houetal・employedthesimilarprocedure・However，both

PA［poly（tetramethyleneadipamide）］andPLAnan0丘berofsmallerdiameterswere

usedastemplatesandthinnernanotubeswereachievedl157］・

1．40bjectiveofthisstudy

The ex仕emelysmalldiameterS（～nm）andhighsur臨・CetO VOlumeand aspect

ratiosfbundinelectrospuri且bershave・beenwellrecognized・Previousstudiesmainly

fbcusonthemorphologyorstructureofelectro亨punnanOfibers・Thisthesisdisclosed
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newspecialtiesofnanOfibersbyuslngthenanosizeefEbctofelectrospun・fibers．It

includestwoissuesasfbllows．

Firstly，thenanofibrousmorphologywhichcontributestothehighsurfaceareanot

Stableinmanyaqueousconditionswhichlimittheirapplications．Thisthesiscontains

the approachto fabricatetoughnanofibers which can maintaintheirnanofibrous

morphologywithhydrophilicsurface・Secondly，COmParetOthenanoparticles，the

electrospunnanOnberscouldbeinsomealignedassemblesorpattemswhichmight

revealnewfunctionalities ofpristinematerials・Meanwhile，Challengesto explore

new applications of aligned assembles were covered・According tothe main

Obiectives，POlyvinyl alcohol（popular nonconductive synthetic polymer）and

POly（3－hexylthiophene）（Widely－uSedsemiconductivepolymer）wereselectedinthis

thesis．

PVAis acolourless，Water－SOluble synthetic resin employedprincIPallyinthe

treatlngOftextilesandpaper．SincetheproductionofPVAismultiLStePPrOCeSS，the

monomersource，POlymerizationrouteandsaponincationprocessmayglVeriseto

PVAwiththedifEbrencesinmolarmass，taCticity，andmetalionimpurityandsoon．

Thee飴ctsofdiortrivalentmetalionsonelectrosplnnlngPrOCeSShaven’tbeenpaid

anyattentionyet，however，thedi－andtrivalentmetalionscansubstantiallychange

the viscosity，electricconductivityand surfacetension ofaqueous PVA solutions

becausePVAcanphysicallyinteractwiththesemetalions・

Inchapter2，improvingtheelectrospinningprocessofpolyvinylalcohol（PVA）

whichcontainedimpurityofhighmetalionsaqueoussolutionswasdonebydialysis

andcomplexationpretreatment・

In chapter3，theinter－relationshipbetweenmetalionsandhighsaponification

degreeonelectrosplnnlngWerefurtherstudiedindetail・

WhilePl仏electrospunnanofibers havebeenpreparedbythe electrosplnnlng

methodandinvestigatedtheirfunctionsl158－165］，PVAnanofiberscannotmaintain

their且brousmorphologyinwaterowingtohighhydrophilicityofPVA・Chemical

CrOSS－1inking ofPVAfibers can alsoimproveits stability・Glutaraldehyde，maleic

anhydride，glyoxal，andblockedisocyanateprepolymerhavebeeninvestigatedas

Chemicalcross－linkingagentsfbrPl仏nanofibers．However，harmfulacidsshouldbe

usedascatalystandthese頁bermorphologleSWereChangeda鮎rimmersedinwater

atroomtemperature・
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h chapter　4，the preparation of PVA nan0氏bers cross－linked with

NN－trimethylene－bisl2－0inylsulfbny）　acetamide］　was reported．

凡Ⅳ－trimethylene－bisl2－0Tinylsulfbny）acetamide］hasbeenusedfbrthepreparation

of water－insoldble materials by the fbrmation of cross－1inking points　amOng

Water－SOlublepolymerSincllidinggelatins andstarches・Thevinylsulfbnylgroups

reactwithhydroxygroupsinPVAwithouttheusとofcatalyticacid・Theaqueous

mixture ofPVAandNN－trimethylene－bisl2－（vinylsulfbny）acetamide］at room

temperaturedonotcausegelationbythefbrmationofcross－linkingpointsandkeep

Stablesolutionhavingthesameviscosityduringonemonth．Thisindicatesthatthe

CrOSS－linkingreactiondoesnotoccurinaqueoussolution・Ontheotherhand，the

dried PVA films prepared　丘om aqueous solution of PVA and

NN－trimethylene－bisl2－0Tinylsulfbny）acetamide］exhib桓insolubleinwateraRer

thethermaltreatmentat1500C．CompoundNN－trimgthylene－bis［2－（vinylsulfbny）

acetamide］is・Suitableasacros云一linkingagenttoobtaininsitucross－1inkedPVA

nanofibersthoughtheelectrosplnningprocess．HotwaterresistantPVAnanofibers

Were fabricated and uslng them asthe template fbr deposition offunctional

nanop訂ticles．

Inchapter5，Inordertoachievewell－alignednanofiberassemblesandexplore

thenewfbaturesofnanonbrouspatterns，P3HTwaschosetochallengethisissue・

Regioregular poly（3－alkylthiophene）S（P3HTb）are the most prominent organic

Semiconductors appliedin organic electronicsinvoIving organic field－efEbct

tranSistorsandsolarce11S［166］．Becauseoftheabsenceofchainentanglementof

rigidrod－likeP3HTinasolution，thecontinuouselectrospinnlngOfunifbrmP3HT

nanofibersrequlreSeithermlXlngWithhigh一mOlecular－WeightinsulatingpolymerSOr

theuseofhigh1yconcentratedsolutions［167－170］．PristineP3HTelectrospun貢ber

byuslngahigh－mOlecular－WeightreglOregularP3HTwasreported・Themolecular

WeightofthisP3HTisaboutlOtimeshigherthanthatoftheP3HTusedinprevious

Studies．Ourexpectationwasthatthelongerlength oftherigidP3HTbackbone

WOuldincreasethesolutionviscosityofalow－COnCentratedsolution．Thischangeof

SOlutionpropertymayimprovetheelectrospirmingstabilityinthefabricationofpure

P3HTnanofibers．
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CHAPTER2Improve血ent of the electrosplnnlng

PrOCeSS Of PVA via dialysis and complexation

Pretreatment

Abstract

Theelectrospinningprocessofpolyvinylalcohol（PVA）aqueoussolutionsfbrtwo

SamPles（HS and FL）was carried out．FL solutions produced nano且bersin

electrosplnnlng PrOCeSS，Whereas HS solutions showed poorer electrosplnnlng

PrOCessaccompanyinsdropplngandelectrospraying・Theanalysisofthesplnnlng

SOlutionpropertiesindicatedthattheelectricconductivityandviscosityofbothFL

andHS solutionsdemonstratedsimilarbehaviors．However，thesurfacetensionsof

FLsolutionswereslightlydecreasedwhilethesurfacetensionpresentedU－Shaped

CurveSfbrHSsolutionswiththeincreaseofpolymerconcenhation・TheNMRspetra

andDSCresultsimpliedthatHShadhigherdegreeofsaponification．Themetal

elementanalysisresultsmeantthatHScontainedhighconcentrationsofcalciumand

aluminumionswhileFLmuchless・ThedosageofcalciumchlorideintoFLaqueous

SOlutionsindicatedthatelectrosplnningprocesswas significantlyaggravated．The

electrospinnability of HS was substantiallyimproved both by dialysis and

COmPlexation．rtwasthehighdegree ofsaponification anditwasintramolecular

CrOSS－linkingandinterm01ecularcross－1inkingoccurredbetweenPVAchainandthe

metalions that coined the abnormal behaviorsin su血ce tension and thus

deterioratedelectrospirmability．

2．1Introduction

Poly（vinylalcohol）（PVA）isasemi－CryStallinehydrophilicpolymerwithhighly

biocompatible，nOnTtOXic，gOOd chemical and thermal stability，and thus these

prominentpropertiesl占dPVAtonnditswide叩Plications．Theelectrospinnability

anditsnon－WOVenfabricpropertiesdfPVAwithdiffbrentsaponincationdegree（SD）

［1］，mOlarmass［2，3］andp日value［4］have beeninvestigated carefu11y．High

SaPOnincation degree，large molar mass as wellaslow pH values a1日mpeded

electrosplnnlng．SincetheproductionofPVAismulti－StePPrOCeSS，themonomer

SOurCe，POlymerizationrouteandsaponiBcationprocessmayglVerisetoPVAwith
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thedi飴rencesinmolarmaSS，taCticity，andmetalibnimpurityandsoon．Theeffbcts

Ofdi or trivalent metalions on electrosplnnlng PrOCeSS haven’t been paid any

attentionyet，however，thedi－andtrivalentmetalionscansubstantiallychangethe

Viscosity，′electric conductivity and surhce tension of aqueous PVA solutionミ

becausePVA canphysicallyinteractwiththeseJmetalions［5］．hthiswork，the

effbctsofdi－andtrivalentmetalionsandofsapon抗cationdegreewerestudiedin

details．

2・2Experimenta1

2．2．1Rawmaterials

PVA1750withSD＝99＋％，thepolymerizationdegreel，750andintrinsicviscosity

0．913，made　in　China（abbr．HS）；P寸A1600　with SD＝97．5－99．5％，the

POlymerization degreel，600，andtheintrinsicviscosity O．864，Fluka（abbr．FL）；

ethylenediaminetetraaceticacid（EDTA）andanhydrouscalciumchloride，analytical

grade；deionisedwater；regeneratedcellulosedialysisbag（MWCOlOOOODalton）．

2．2．2Preparationofsolutions

PVAwas dissoIvedinto deionisedwaterat700Cfbr2h．Thesolutionwasfilled

intoadialysisbaganddialysedwithrenewing敵eshdeionisedwaterfbrevery2h．

Thedialysisoperationlastedfbr2days．EDTAwasdissoIvedinwaterbefbrebeing

addedtoaqueousPVAsolution．

2・2・3ElectrosplnnlngCOnditions

ThedistancebetweenneedleandtargetTcd＝150mm，SPlnnlngVOltage＝16kV，

ambient temperature＝200C，relative humidityRH＝70％．The spinning hole or

SPlnneretWaSmadeinthefbllowlngWay：aglasstubewasheatedanddrawntogeta

COnicaltip，andthecommercialpolyethylenevialsampler（0．5ml）wasBxedtightly

Ontheglassconicaltip．TheintemaldiameterofthepobTethylenevialwasca．0．7

mm，andthenowra士eYaSCa・0・1ml／h・Usuallytheelectrosplnningwascarriedout

Within2h aRerPVAwas dissoIvedcompletely，0therwisethe splnning solution

WOuldbetreatedwithultrasonicdispersionpriortoelectrosplnnlng．

2・2・4Characterizationofsollltionpropertiesand且bermorphology

TheconductivityandsurfacetensionofPVAaqueoussolutionsweremeasuredby
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usingaconductivitymeter（DDB－303A，ShanghaiLeiciInstrumentsCo．Ltd）anda

Surfacetensionmeter（DW－P503－4AC）∴respectively，at200C．Theviscosities of

PVA・aqueoussolutionsweremeasuredonacoaxialcylind占rviscometer即DJr79，

ShanghaiChangjiGeologicalInstrumentsCo．ud）at200C・Themeltingpointof

rawPVAwasmeasuredwithPerkin－Elmer（DSC－7）undernitrogenflowwiththe

nowrate40ml／minandtheheatingratelOOC／min・Themorphologyofelectrospun

fiberswasobservedonascanningelectronmicroscope（SEM）（HITA－CHIS－570）

aftergoldcoating・ThelHNMRspectrawereaquiredwithBrukerAV－400NMR

SPeCtrOmeter，D20assoIventandatamibenttemperature・AweightedPVAsample

wasbumed、inaMu用．efumaceat6000Cfbr2h，andtheresiduewasdissoIvedin

dilutenitricacid．Thesolutionwasusedfbrmeasuringtheconcentrationsofmetal

ionswithPlasmaEmissionSpectrometryCPLA－SPECI），

2．3Resultsanddiscussibn

2．3・1ElectrosplnnlngOfPVAaqueoussolutions

HSsolutionsatthedi騰rentPVAconcentrationsrangingbetween7and9W／V％

mainly showed electrospraylng rather than electrospinnlng，nO COntinuous且bers

WerefbrmedevenatallPVAconcentrationswithsolutiondropplngatthetip of

needle．FL solutionsindicatedthe steady electrosplnnlngWithno droppmg，and

SmOOth and unifbrm nanofibers were produced．Koski et al concluded thatthe

PrOductofpolymerintrinsicviscosityaDdpolymerconcentration（h］C）controlled

electrospinnabiliy，and the minimumValue would be5倉om electrospraylng tO

electrospiningfbrPVA・InourcaseっHShadpolymerizationdegreewasl，750and

minimumconcentration7W存％，thevalueoflTl］Cwasca・5・Itseemedthetheory

didn’tworkwellfbrsampleHS．Shenoyetal．［6］thoughtthattheeventofchain

entanglements dominated electrospinnability，and suggested that the minimum

numberofchainentanglementpolntSfbr伝berinitiationbe2・Therepeatingunitsof

PVA fbr the event of chain entanglement were assumed to bethe same as

POlyethylene sinceintramolecular andintermolec－ularhydrogenbonding ofPVA

mighto庁岳etthebulkyeffbctofhydroxylgroup，andthusthe加01armassofchain

entanglementfbrPVAwasl，964・Thevolume丘action8pfbrPVAconcentration7

Wル％wascaO・0526・Thenumberofchainentanglementpoints（Ne）inPVA7W／V％

SOlution2．06．Shenoy’Stheory alsoimplied that7Wル％concentration ofPVA
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Shouldbetheminimumconcentrationfbrtheelectrosplnnlng．Unfbrtunatelyit缶11

again．Inaddition，Yaoetal．［7］pointedthatitwasdifBculttogetthePVA

COnCentrationoflOwt％withmolarmassl15，000tobeelectrospun．Actuallyinthe

Yao，ssystem，thevaluesofh］CandNewereca1culatedtobe9．8and4．31，

respectively，thenatelectrospunfibercanberesultedinthelightofShenoy’stheory

ifitispossibletobespun；andthevalue4・310fNewouldmeanthatthesolution

locatedatveryhighconcentrationrangeswithh］proportionaltoMw3・4．Thusthe

difncultelectrosplnnlngOriginated丘omaveryhighpolymerconcentrationandhigh

molarmass．Itseemedhardto explain electrosplnnlngClearlyonlybased onthe

SOlutiontheoriesfbrourcase，andthemicrostruCtureOfPVAandthepropertiesof

SOlutionswouldbeinvestlgatedaccordingly．

8　　8　10　12　14　16　　　　　　　6

粕摘癖痴馳纏鱗

8　　10　　12　14　16

閥転鴫廟ぬ摘極

6　　　8　　10　　12　　梱　16

弼細岡廟触摘醜

Figure2．lSolutionpropertiesfPVAaqueoussolutions

Figure2．1givetheviscosity，COnductivityandsurfacetensionofthetwoPVA

SOlutions．Theviscosityandelectricconductivityofthetwosolutionsshowsimilar

28

讐
郷
郷
間
灘
間
組
㌦

鱒
犀
電
話
塵
竃
聾
琵
琶

叫
琶
嘗

惑

箋

雪

嶺

夏

空

茎

電

蒸

郷
郵
榔
郵
郵
礪
壷

1

　

　

1

　

　

1

　

　

1

　

．

1

　

　

1

　

．

1

随

　

　

幻

　

　

舶

　

　

溺

　

　

却

露
莞
拳
∈
㌔
石
筍
盛
業
漁
望
彩
雲
療



ImprovementoftheelectrospinnlngPrOCeSSOfPVA

Viadialysisandcomplexationpretreatment

Chapter2

tendencieswithPVAconcentrations，WhereasthesurfacetensionofHSpresented

abnormalbehaviorascomparisonwiththoseofFL．Generallyspeaking，thesurface

tensionwouldbelessenedandthenleveledoffandtheviscosityandtheconductivity

WOuldbeincreasedmonotonicallywiththeincreaseofPVAconcentrations，andthe

electrospirmabilityofPVAsolutionswouldconsequentlybeimproved，namely丘om

electrospraylngtOelectrosplnnlng，Whichwasimpliedintherefbrences2and6，and

thiswouldbealsoconfbrmedinourworkfbrFL．

Table2・1Contentofdi－OrtriValentmetalionsofthreePVArawmaterials（ppm）

Elements Cr CulFe Mg Mn Ti Zn AI Ca
Equivalencein

SOlution，mM

HS O．13　5．3　10　2．3　1．8　1．4　0．43　53　48　0．64

FL　　　／　／L／　0．1／　／　／　10　22　0．15
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二．・．＿　胃ate工・】皿DleculE

Figure2・21llustrationofdi－andtriEValentmetalionsinteractionwithpolymerchains

Table2．11ists the contents ofsome di－and tri－Valent metalionsin PVA raw

materials．FLcontainedtraceamountsofdi－andtrivalentmetalions，WhileHShad

diversified metalions with high concentrations．The equlValent number was

Calculatedbytheproductofmolenumberandusualvalenceofmetalions，andthen

COnVertedinto也evaluecorrespondingt07W／v％concentration．Theequivalence
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numberofFLwasmuchsmallerthanthatofHS．PVAchainsmayinteractwiththese

traceamountsofdi－andtrivalentmetalionsandfbrmPhysicalcross－lihks，andthis

WOuld multiply viscosityandtum Surface tension upside down．The U－Shaped

Surface tension fbr sample HS was understood as fbllows：atlow polymer

COnCentrations，metalionscausedintramolecularcross－linksandmadePVAchains

COmPaCtedandledsurfacetensionofthesolutiontobeincreased；athighpolymer

COnCentrations，the metalions causedintermolecular cross－links andthe resultant

Physicalgelswerefu11y丘11edinthewholevessel．Whenthe surfacetensibnwas

measuredonlybybreakingthegels，thesurfacetensionofsimilarvlrglnWaterWaS

Obtained，and hencethe highsurface tension was picked coincidently．This

explanation was schematically presentedin Figure2．2．Theintramolecular and

interm01ecular crosslinking efftcts due■to highervalent metalions substantially

Variedtheconfigurationofmacromolecularchains，namelythedissolutionbehaviour

OfPVA，andthusthesurfacetensionofPVAaqueoussolution．ActuallyYaoetal

improvedtheelectrQSPlnnlngOfPVAwithhighmolecularweightbyadditionofthe

surfactant－Triton X－100［7］．Atlow polymer COnCentrations，intramolecular

CrOSS－linking efEbcts reduced the chance ofinterchain contacts and

theelectrospraylngWaSrPSultedwhilewithsolutiondropplngatthetipofneedle・At

the high concentradons of PVA，Of course the higher of metalion content，

intermolecular cross－1inkings due to high valence metalions made the solution

Viscositybecomehighbutmuchbrittle，thenthesolutionwasdifficulttogothrough

theneedle，andhenceelectrospraylngandocassionallyfbwpleCeSOfnatfilaments

WeregOtWhilewithsolutiondropplngatthetipofneedle．Accordingly，itisthe

PreSenCe Ofhighconcentrations ofdi－and tri－Valent metalions that cause the

abnormalsurface tension behavioursandfurtherthe electrosplチnability ofHS

SOlutions to be－deteriorated．Zhang et al claimed　that　the relatively high

SaPOnificationdegree，eSPeCiallywithsaponificationdegreeover99％，mightalso

impair electrospinnability　of PVA・Obviously this may be due to stronger

in廿am01ecular andintem01ecular hydrogen bondings at higher saponi重cation

degrees．ThemeltingpointsofFLandHSrawmaterialswere223．4and232．30C，

respectivelyandthevaluesimpliedthattheSDofFLwouldbelowerthanthatofHS

becausetheresidualacetyigroupsinPVAchaindamageditsregularityandthen

hinderedcrystallizationandfurtherdiminishedcrystallitesizes．Figure23showsthe
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PrOtOnNMRspectrafbrthetwosamples・ThepeakattributionistabulatedinTable

2．2［8LTheadsorptionintheareasofl．909－1．991fbrFLweremuchstrongerthan

thatofHS，andthisimpliedthatmoreacetylgroupswerestillappendedinPVA

ChainsfbrFLthanfbrHS・Therefbre，thehigherthesaponincationdegree，the叩Ore

difEicultthe electrosplnnlng．ThisfindingcompliedwithZhang’s conclusion，We

WillfurthertestifytheefEbctofsapon潰cationdegreeinourongolngPrq］eCt．

0．5　　　1．5　　　2．5　　　3．5　　　4．5

Chemicalshift

Figure2・31HNMRspectrafbrtwosamples

Table2－2Thepeakasslgnment＆omlHNMRspectral8］

H

SOurCe

慧二慧e慧yl慧‡叩S慧‘慧慧
PVA methanola　（CH3COづ　（CH3COONa）トCH21

POSition　4．702　　　3．888　　3・205　　　1．905－1．9911．775　　　　1．457－1．560

aMethylgroupcame五・OmreSidualsoIventmethanolinPVAparticles・

bsodiumacetatewasabyproductduringsaponification・
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2・3・2ElectrosplnnlngPrOCeSSafterdialysisandcomplexation

treatment

6　　8　10　12　14　16

相聞爾舶離職雇弼
6　　8　10　12　14　16

P紬幽細胞醐賄

6　　　8　　10　　12　　14　　16

PVAconcentra的n，Wル％

Figure2・4SolutionpropertiesofallsampleHS

Figure2．4givethesolutionpropertiesofvirginHSsolutionsandofHSsolutions

aRerEDTAcomplexationanddialysispretreatments・ARerthecomplexationwith

EDTA，the viscosities of PVA solutions were somewhat reduced only at the

COnCenb：ationscal0－14W／V％incomparisontountreatedPVAsolutions，Whereas

thesurfacetensionbehaviorsdidchangesubstantiallyanddwindledmonotonically

Withtheincrease ofPVA concentration．ARerthe dialysis treatment，the electric

COnductivity markedly ftll down，While the viscosities diminished significantly

POSSiblybecausetheallmetalionssuchassodium，Calciumandaluminumionswere
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gotridofbynushingwaterandtheinteractionbetweenmetalionsandthehydroxyl

groupsofPVAchainsweretherebyremoved．Thiscanconnrmthatthemetalions

didproducephysicalcross－linksbetweenpolymerchains．Thesurfacetensionalso

graduallydecreasedwithPVA・TheelectrosplnnabilityoftreatedHS samplesare

dispalyedin Figure2．5，Wherethepolymerconcentrationswerea117Wル％．The

untreated HS solution only got unshaped nano－Particles，the dialysed and the

COmPlexationHSsolutionsbothshowedexcellentsplnnability．Asalsocanbeseen

丘omFigure2．5，thediametersof茄lamentsafterdialysISWerelargerthanthoseof

nlamentsaftercomplexation．Thereasonwasthat，theremovalofmetalions丘om

SOlutionsreducedthe splittingofnlamentduringsplnnlngduetothereductionof

electricfbrce，Ontheotherhand，gOttheincreaseofsurfacetensionofsolutionsand

therebytheincreaseof甫1amentdiameter．

Figure2．5SEMimages ofdifferent PVA坑ber moq）hology（a HS，b HS after

dialysIS，CHSaftercomplexationwithEDTA，dFLa氏erthedosaglngOfCaC12，

SCalebar：600nm）

2．3．3ElectrosplnnlngPrOCeSSOfFLsolutionsaftertheadditionof

divalentmetalions

Inordertotestifythenegativeeffbctofdivalentmetalionsonelectrosplnnlng，the

anhydrouscalciumchloride，theequlValencenumber3・6mMwasdirectlyaddedinto

FLsolution，andthesolutionwasspununderthesameconditionsastheundosaged

COnte叩art．TheimagedinFigure2・5evidencesthatthecalciumionsdidaggravate

PVAelectrosplnnability，andonlythe鎖berwithspindlespresent，insteadofsmooth

anduniformnber，WaSObtained．
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2．4Conclusions

（1）Di－and trivalent metalionsinteracted withthe hydroxyl groups of PVA

especial1y at high saponification degree and producedintram01ecular and

intermolecularphysicalcross－linksandthusdeteribratedelectrosplmm1ngPrOCeSS・

（2）Removalofvaribusmetalionsbyusingdialysissubstantiallychangedsolution

PrOPertiesandrema正ablyimprovedelectrospinnlngPrOCeSS．

（3）ComplexationwithEDTAofdi－andtri－Valentmetalionsmainlychangedsurface

tensiontendencyandthismarkedlyenl1anCedPVAelectrospinnlngPrOCeSS．
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CHAPTER3：Effbctofinteractionbetweenhydroxyl

grollP and’highvalencemetalionimpurity onthe

electrosplnninngprocessofPVAs

Abstract

The production ofs叩erhe polyvinylalcoholげ1楓）重beris usually much

difEicult by uslng the routine splnnin写，Whereas electrospinnlnglS a Viable

techniquesincethemechanismoffiberfbrmationwasdifftrent・Inthispaper，the

effbctsofsolutionpropertiesintermSOftheresidualacetylgroupandhighvalence

metalionimpurityofPVAonelectrospimingwerecarefullyinvestigated・Boththe

SOlution viscosity and the surface tension tendencies with PVA concentration

indicated that there existed strong physico－Chemicalinteraction besides

COnCentration and molar plaSS factors・NMR spectra and DSC thermographs

indirectlyshowedthatthedevoidacetylgroupofPVAwouldpromotethephysical

gelationandthe’fbrmationof．hydrogenbondings，andthephysicalcrosslinking

OCCurredathighs叩Onincationdegreesinthepresenceofhighvalencemetalion

impurity・AlltheinteractionsaggravatedtheelectrospinnabilityNevertheless，both

removalofhighvalencemetalionimpurityandthe selectionofPVAwithlow

SaPOnification degrees would be always accessible routes to ensure the PVA

electrosplnnlng・

3．1IntrodllCtionon

Polyvinyl alcoholis a semi－CryStalline hydrophilic polymer with excellent

biodegradability，Physico－Chemicalpropertiesandthermalstabil吋Theprominent

PrOPertiesmakeitattractivefbravarietyofapplicationssuchasmm，且berand

COatingsinindustry．With nanotechnology and nanostruCture materials widely

being recognized，the electrosplnnlng Of nano且bers or ultra貢ne且bers＆om

polyvlnylalCoholanditsmixtureshasreceivedagreatdealofattentioninthepast

decade．

TheefEbctsofspinnlngCOnditions，POlymermicrostructure，andadditivesonthe

PVA、electrosplnnability have beeninvestigatedintensively．Zhang et al．

COmPrehensivelystudiedthee飴ctsofelectricvoltage，tip－targetdistance，nOWrate，

andcosoIventethanolonfibermorphology［1］．TboandShivkumarfbundthat，the
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StruCturalreglmeSfbrbeads，beaded丘bers，COmPlete丘bersandnatribbonswere

mappedwiththeproductofintrinsicviscosityandpolymerconcentration丘om

8・1to22烏the onsetofsignincantPOlymer Chain entanglements accompanied

thedevelopmentofastable斤berstructurel2］．Shenoyetalthoughtthatchain

entanglementnumbersinthenonspeci丘cpolymer－POlymerinteractionsolutionfbr

both fiberinitiationand complete fbmation shouldbelargerthan2．5and3．5，

respectively［3］・In their successive work，they　further proposed that the

entanglement numbers fbrthe two events be much smaller fbrthe polymer

SOlutionswithphysicalgelationoccurringl4］．haddition，bothZhang［1］andYao

［5］fbundthatit was very difncuIt to prepare ultra丘ne nbers fbr thefu11y

hydrolyzedPVAwithhighmolarmass．Infact，SaPOni負cationdegreeofPVAwill

also switch electrosplnnlng OWlng tO the variation of physical gelation and

hydrogen bondinginteraction．Therefbre，the polymer Chain entanglement，the

Physicalgelationandthehydrogenbondinginteractionwillstronglydominatethe

electrospinnabilityandelectrospinningbehavior．

SonetalthoughtthatthepHvaluestronglya銑ctedthePVAelectrospinnability

and斤ber morphology possibly due to protonation with saponincation degree

99・7％［6］・Theaveragefiberdiameterandmorphologyofthechitosanpolyvinyl

alcohol blend much depended on the chitosan contentandthe two polymer

COnCentrations［7］・Thebovineserumalbumin，manganeSeチCetateandcalcium

Phosphate were blended respeCtively with　aqueous PVA solution to study

electrospinnabilityand to preparefunctional materialsl1，8，9］．Coppe正PVA

nanocableswereproducedviathe electrosplnnlngOfmixture solutions ofPV互，

COPPerlChloride，SOdium hydrogen sulfite and hydrazine hydratel10］．Itis

Well－knownthathighvalencemetalions，Chitosan andproteinin aqueous PVA

SOlutions willinteract with hydroxylgroup，andthe crosslinking structureand

hydrogen bondings can thus be fbrmed．This canChange the electrosplnnlng

behavioursimplyduetotheincreaseofelectrosplrmingsolutionviscosity．Wewere

WOnderinghow andto whichextentthe electrospinnabilitywas afEbctedinthe

PreSenCeOfdivalentmetalions？t座tonow，theeffbctofhighvalencemetalion

impurityontheelectrospinningofPVAhasn’tattractedmanyinterests．Webrieny

reported electrospinnabilityofPVAinthe presence ofhighvalence metalion

impurityl11］・Inthiswork，theinter－relationship betweenmetalions andhigh
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SaPOniRcationdegreeonelectrosplnnlngWerefurtherstudiedindetail．

3．2Experimenta1

3．2．1Rawmaterials

Five commercialPVAproductswereused，andtheywereHS1799，GW1999，

BY1799，FL1699and BY1788．In the fbur Arabic numerals，the fbrmer two

numbersindicatedpolymerizationdegree，fbrinstance，17impliedpolymerization

degreeof1700；thelattertwosaponincationdegree（SD），99meantSD99％．

3．2．2ElectrosplnnlngCOnditions

PVAwasnrstlydissoIvedintodeionisedwaterat70OCfbr2h・Thesplnneret

tip－targetdistancewas130mm，SPlnnln岳VOltage16kV；ambienttemperature200C，

relativehumidityca・70％・ThesplmmingsplnneretWaSmadeinthefbllowingway：a

glasstubewasheated andmeltdrawnto getaconicaltip，andthe commercial

POlyethylenevialsampler（0・5ml）wasnxedtightlyonthegiassconicaltip．The

intemaldiameterofthepolyethylenevialwasca．0．7mm，andthe蝕〕WrateWaSCa．

0・lml／h，meaSuredwithsyrlngePumP・Usua11ytheelectrospirmlngWaSCarriedout

Within2ha氏erPVAwasdissoIvedcompletely，OtherwisethesplnnlngSOlution

WOuldbetreatedwithultrasonicldispersionprlOrtOelectrospinnlng．

3・2・3Characteri2：ationofsollltionpropertiesandfibermorphology

Theelectric conductivityandsurfacetensionofPVAaqueous solutions were

measuredbyusingaconductivhymeter（DDB－303A，ShanghaiLeiciInstruments

Co・Ltd）andasurfacetensionmeter（DW－P503－4AC），reSPeCtively，at200C．The

ViscosityofPVAaqueoussolutionswasmeasuredonacoaxialcylinderviscometer

（NDJ－79，ShanghaiChangjiGeologicaHnstrumentsCo．Ltd）at200C．

The morphology ofelectrospun fibers was observed on a scanning electron

micro■scope（SEM）（HITACHIS－570）aftergoldcoating・AweightedPVAsample

WaSbumedinaMu用．efurnaceat6000Cfbr2h，andtheresiduewasdissoIvedin

dilutenitricacid・ⅥleaCidicsolutionwasusedfbrmeasurlngtheconcentrationsof

metalions with Plasma Emission Spectrometry（PLA－SPECI）．ThelH NMR

SPeCtraWereaCquiredwithBrukerjN－400NMRspectrometer，D20asasoIvent．

Themeasurementwascarriedoutatambienttemperature・ThethermOgraPhofPVA
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rawmaterialswasacquiredwithPerkin－Elmer（DSC－7）undernitrogenflowwith

theflowrate40ml／minandtheheatingratelOOC／min．

3．3Resultsanddiscussion

3．3．1ElectrosplnnlngPrOCeSS

Theelectrosplnnabilitycanbejudgedinthelightofthreediffbrentfbatures，the

Stability ofliquid drop hanged atthe splnnerettip，the continuity ofspinnlng

PrOCeSS and the defbctsfree坑bers．As shownin Figure3．1，there were only

Particlesproducedatfburdi蝕rentPVAconcentrations，andno蔦bersbutparticles

appearedfbrthesampleHS1799．hfact，duringsplnnlngprOCeSS，nOStableliquid

drops hanged at the splnneret tip．Similar result was obtained fbr GW1999．

ElectrosprayinghappenedagalnatlowPVAconcentrationswhereasaftwmaments

reallyappearedfbrthesampleBY1799athighPVAconcentrationsasindicatedin

Figure3．2．

Figure3．l SEMimagesofelectrosprayeddepositsfiomHS1799（Notationfbreach

Panelbasedontheorder免・Omlefttoright：7，9，11，and13W／v％）．

Figure3．2SEMimagesofelectrospunparticlesandnbers丘omBY1799（Notation

foreachpanelbasedontheorder触）mlefttoright：7，9，11，and13W／V％）．
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Figure3・3SEMimagesofelectrospunnbersfromFL1699（Notationforeachpanel

basedontheorder魚・Omlefttoright：7，9，11，and13W／V％）．

Asshown hFigs33and3．4，atallfburPVAconcentrations，reallyultranne

nbersarepresented．Thediametersofthe nbersforthelowconcentrationPVA

SOlutionsweregenerallysma11incomparisontothdseathighconcentrations．There

existedadhesionsatthenberjunctionpointsfbrthesampleBY1788，Whilenotthe

CaSefbrthesampleFL1699．Thereasonwasthat，thesampleBY1788hadlow

SaPOn描cationdegree，andthePVAcameupwithrathergoodcoldwatersolubility

and namely the water retention ability was strongfor BY1788．Conclusively，

FL1699displayedexcellentelectrosplnnability，andsodidBY1788．GW1999and

HS1799really gave us disappointed results．Can we only attribute the good

electrosplnnabilitytoalowpolymermolarmassandalowsaponincationdegree？

Figure3．4SEMimagesofelectrospunnbers丘omBY1788（Notationfbreach

Panelbasedontheorderfromlefttoright：7，9，11，and13W／V％）・
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3・3・2PVASolutionproperties

9　　　　　　　11　　　　　　13

PVA collCelltl・atioll（W／V％）

Figure3・5ElectricconductivitiesofPVAaqueoussolutions（●HS1799，□GW1999，

工BY1799⊃AFL1699，OBY1788）．

EssentiallytheelectrospinningprocesswascontrolledbymutuallybalanClng

thethreefbrces，electricfieldfbrce，COhesivefbrceandsurfacetension・Inreality，

theelectrospinnabilityofpolymerSCOuldbeindicatedbythesolutionproperties

including electric conductivity，Viscosity　and surface tension．The electriC

．conductivityof5kindsofPVAproductsisgiveninFigure3．5．Theconductivity

almostlinearlyincreasedwithPVAconcentration，andthisfbaturemightimplythat

electric conductive components came甘om the solute PVA．Main electriC

COnductivecomponentsshouldbesodiumacetate，thebyproductinthehydrolysis

Ofpolyvinylacetate・The contents ofconductive components fbr FL1699and

BY1788werelessthanthoseoftheotherthree．Ahighconductivitycausedthe

increase of一the electric鮎ld fbrce and thus positive charge repulsion was

Strengthenedandtheelectrospunjetswouldbetomintensively，atWOrStOnlyPVA

SPOtSWeredepositedonthetargetcollectorand且nallyapooreIectrospinnability

OCCurred．
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9　　　　　　　　11

PVA corlCCrltrathn（Y／V％）

13

Figure3．6ViscositybehaviorsofPVAaqueoussolutions（●HS1799，□GW1999，■

BY1799，△FL1699，OBY1788）．

Asindicatedin Figure3・6，BY1788　and FL1699presented almostlinear

relationship of viscosityin the whole PVA．concentration range・Bothlow

POlymerizationdegreeandlowsaponificationdegreefavoredsolubilityinwater．The

linearrelationship mightbeinterpreted as the solutions stayedin dilute solution

reglme，namel）1therewerenopolymerchainoverlapshappenedfbrthetwosamples．

Theoretica11y this kind of polymer SOlution can’t expect to glVe

any trace of nlaments［3］・Nevertheless，SincePV互possessesplentyofhydroxyl

groupsandtheywillfbrmstronghydrogenbondings，Whichwasexplainedwellby

Shenoy et all4］，and thisinteraction exceptionally acted as polymer chain

entanglementsandthenpromoted丘berinitiation．HS1799，GW1999and〕〕Y1799all

Showedlinear relationship at the concentrationslower than10dv％，and the

nonlinearanduptumtendencyappep’edatthe concentrations overlOw／V％．The

ViscosityLPtumbehaviourimpliedthatthepolymersolutionexperiencedtransition

丘omthedilutereglOntOSemi－dilutereglOn，andpolymerChainsstartedtooverlqp，

andfinallypolymerChainentanglementswouldnaturallybeproduced・Fortunately

thesarnple］〕Y1799didverifytheideawhileGW1999andHS1799didn’t．Itseemed

thattoomuchchemicalandphysicalinteractionviolentlyelevatedsolutionviscosity

and caused the solutions not to be electrospun・The difEtrencesinthe uptum

tendencieswouldbecausedhydrogenbondings，Physicalgelationandcrosslinking

besidestheconcentrationandmolarmassfactors．
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9　　　　　　11

PVA concetltration（W／V％）

13

Figure3・7SurfacetensionsofPVAaqueoussolutions（●HS1799，□GW1999，■

BY1799，△FL1699，OBY1788）．

The relationship between surface tension and PVA concentration appearsin

Figure3・7，Wbichdidn’tshowsimiiartrendsasinFigures3．5and3．6．Thesurface

tensionsofthesamplesFL1699，HS1788andBY1799wereexpectedlydecreased

Withtheincrease ofPVA concentration．Inthis case，PVA behaveditselfas a

Surfactant，theincreaseofsurfactantresultedinthedecreaseofsurfacetensionof

thesolution，POSSiblythedissolutionofPVAinwaterreducedtheenrichmehtof

WatermOleculeonthesolutionsur払ceduetothephysicalreplacementofpolyvlnyl

alcoholmacromolecule．The diminutiontendency ofsurface tension seemedan

accuratesignpostofPVAelectropinnability・However，Whythesurfacetehsionwas

increasedwhenthePVAconcentrationswereover9dv％fbrthesamplesHS1799

andGW1999？WhentheviscositybehaviourasshowninFigure3．6wastakeninto

COnSideration，We COuld con蝕m that PVA chain did fbrm　StrOnginterchain

interaction，SuCh as hydrogen bonding．This　inverselylowered the

PhenomenologicalsolubilityofPVAandfinallythesurfacetensionwasincreased

withPVAconcentration，Wemayimaginethat，athighPVAconcentrations，the

fbrmation ofphysicalgeldueto hydrogenbondings gradually spread overthe

Wholevessel，andthesurfacetensionsofPVAaqueoussolutionweresampledonly

bybreakingthePVAgelandthenthesurfacetensionclosetothevalueofpure

WaterWaSaCquired．ThefbrmationofPVAgelmaymutuallycomplywiththehigh

viscosityfbrthesamplesHS1799andGW1999．
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3．3．3Macromolecularstructllre

The protonNMR spectraof five PVAaqueous solutions are glVenin

Figure3・8，and　the peakasslgnmentSarelistedinThble3・1・Theresonancepeak

fbrresiduala？etylgroupwasmagni鮎dinthecenterpartinFigure3・8・Asnamed，

BY1788reallycontainedmostamountofacetylgroupsandFL1699medium，While

therewerealmostnoacety1groupspresentedinthesamplesofGW1999，HS1799

and BY1799・Naturally BY1788and FL1699would produceless chemical and

Physicalinteraction，andtheirviscosltyandsurfacetensionwereconsequentlysmall，

andviceversafbrtheotherthree・Thismayalsosymbolizetheelectrosplnnabilityof

PVA．

0　　　　1●　　　　2　　　　3　　　　4、　　　5

Chemical shift

Figure3．81HNMRspectraofPVAinD20（・HS1799，□GW1999，tBY1799，△

FL1699，OBY1788）．
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Table3・lThepeakasslgnment録omlHNMRspectra

Methyl Residual

H Methine　敵om acetyl

SOurCe　and　－CH－　methanola groups

PVA
（CH3COづ

Sodium　　　Methylene

acetateb　　　　丘om chain

（CH3COONa）トCH2づ

POSition　4．702　3．888　　3．205　　1．905－1．9911．775　　　　1．457－1．560

aMethylgroupcame丘omresidualsoIventmethanolinPVAparticles．

bsodiumaCetateWaSa，byproductduringsaponincation・

Figure3．9showsthethermOgraPhs of且ve PVAraw materials．As expected，

BY1788andFL1699possessedthelowmeltingtemperaturesca・197OCand2180C

respectively，Whereas BY1799，GW1999　and HS1799’gaVethe highmelting

temperaturesca2220C，2280Cand23locrespectively・Theresidualacetylgroupsin

PVAchaindamageditsregularityandcrystallizationproces昌washindered，andthus

Small crystals were resulted，andthe melting temperatures ofthe crystals were

reduced．Thereductionofmeltingtemperaturecompliedwiththeanalysisofcontent

Ofresidualacety1groupinFigure3・8・haddition，aSindicatedwithblackarrowsin

Figure3．9，HS1799andGW1999gaveextrashoulderpeakatlowtemperaturesand

Were eXPeCted to fbrm some paracrystallitesin aqueousSOlution，and thus the

existenceofthecrystallinestatesasphysicalgelsmaydeteriorateelectrospinnabili年

Conclusively，the tiny discrepancyln SaPOnification degreeinduced remarkable

Changeincrystallinityandelectrospinnability・

WewerewonderingwhethertheGW1999andHS1799couldn’tbeelectrospun

fbreverand血etherhydrogenbondingandphysicalgelationwerethe onlytwo

reasonstojeopardizetheelectrospinnability・
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3．3．4HighvalenceMetalionimpurity

Figure3．10Contentsofhighermetalionimpurlty

Figure3．10depictsthemqjordivalentandtrivalentmetalioncontaminatesinnve

PVArawmaterials．Aswecanseethat，Calcium，aluminumandironionsweremain

impurities．ThesampleFL1699containedleastandGW1999mostabundantwhile

theotherthreeshowedmoreorlesssimilarsituations．AsshowninFigs3．1to3．4，

thepresenceofhighvalencemetalionsa能ctedtheelectrosplnnabilitypossiblyby

fbrmlngPhysicalcrosslinkingbetweenhighvalencemetalionandhydroxylgroup

Viaswitchingviscosityandsurfacetensionbehaviors．

●　ludl、■壷11－やlneIdl011

－　lly血oxI・lざ1011lI

Figure3．11Hindranceofphysicalcross－linkingduetothebulkyacetylgroup

betweenhydroxylgroupandmetalions．
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Thecomplexationprocessbetweenhighvalencemetalionandhydroxylgroup

WOuld be concentration dependent，Atlow PVA concentrations orin the dilute

SOlutionregion，POlymerChainsdispersedinsolutionatthemolecularlevelandno

POlymerChaincontacteventhappened，andthusthecomplexationtookplacevia

intrachain mode・At highPVA concentrations orin the semidilute or？Ven

COnCentratedsolutionreglOn，POlymerChainswouldbecrowdedintothewholevessel，

andthusthecomplexationoccurredviainterGhainmode．Thetwointeractionmodes

PrOducedphysicalcrosslinkingswithoppositeviscositybehaviour，namely，thelower

SOlution viscositywas produced atlowPVAconcentration，and vice verse．This

WOulddeterioratetheelectrospinnabilityofPVAsampleswithhighsaponification

degree・Inourpreviouspapers［13，14，15］，thesampleHS1799alsoshowedpre仕y

goodelectrospinnabilityafteritssolutionsweredialyzedorcomplexedwithethylene

diamine tetraacid or polyvinylpyrrolidone or added with cosoIverrt acetic acid．

Conclusively，highvalence metalions were thought to　丘）rtifythe physical

CrOSSlinkingathighsaponificationdegreeaswell．Nevertheless，theresidualbulky

acety1groupswouldpreventhydroxylgroups丘omfbrmingphysicalcrosslinkingand

hydrogenbondingwithhighvalencemetalionsandwithotherhydroxylgroups．The

hindrancemanneroftheresidualacetylgroupsisschematicallygiveninFigure3．11．

That，s why’the presence oflarge amount of metalions didn，t disturbthe

electrospinnabilityofBY1788．

3．4ConclllSions

l．Thephysicalgelationandphysicalcross－1inkingwithhighvalencemetalionsfbr

thefu11y hydrolyzed Pl仏s switched the solution viscositybehavior and surface

tensionbehaviorsandthusspoiledelectrosplnnlngPrOCeSS・

2．BoththeremovalofhighvalencemetalionsandtheselectionofPVAwithlower

SaPOniRcationdegreewerealwaysvial）1eroutestoensureelectrosplnnlngPrOqeSS・
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CHAPTER　4：Hydrophilic nonwovens made of

CrOSS－linked　fully hydroけzed PVA electrospun

nano丘bers

Abstract

Fully hydrolyzed poly（vinyl alcohol）PVA）nano斤bers were successfully

electrospun倉om aqueous solutions ofPVAin the presence ofacetic acid．A

COntinuoussplnnlngOfunifbmPVAnanofibersproceededbytheadditionofacetic

acidduetothechangeSOfelectronicconductivityandsurfacetensionofaqueous

SOlutionofPVA・Whencross－linkingagentlwasaddedtoaqueoussolutionofPVA

and subsequentthermaltreatment ofas－SPunnanO丘bers，Chemicallycross－1inked

PlAnanOnberswereachievedtoresistdisintegrationincontactwithhotwaterand

thetensilemechanicalpropertyofnanOfibernonwovenswasgreatlyimprovedbythe

fbrmation of cross－1inking points・Magnetite was deposited unifbrm1y ontothe

hydrophilic surface of cross－linked PVAnanOfibers andthe resulted nan0重bers

decoratedwith■magnetite showed amagneticresponsiveness・The deposition of

magnetiteonthePVAnanofiberscangenerateSelflstandingmagneticnonwovens．

4．1Introduction

Nan0丘bers，Whicharedefinedas貢berswithdiameterlessthanlOOOnmandthe

ratiobetweenlengthanddiameterabovelOOOtimes，havebeenpaidspecialattention

duetotheirpromisedapplications・Thenan0重betshaveafarlargersurfaceareathan

that of conventional fibers and can exhibitthe unlque POtentialfunctions．

ElectrospinnlnglSaSimplemethodfbrproducingnan0貢bersandnon－WOVenSfbr

Various applications［1］・ItinvoIves dischargingapolymersolutioninairffoma

nozzleunder highvoltage and producing nano且bers by exploiting electrostatic

repulsionofthepolymerSOlution・AlotoforganicpolymerSandinorganicprecursors

have been used as a raw materialofelectrospun nan0且bers and explored their

functionsoriginatedB・0品theirnanofibrousmorphologyl2］．However，themain

drawbacksofthesenanofibersaretheirpoormechanicalpropertyandunstabilityof

nanofibrous morphology．Tb avoid these drawbacks，SeVeralattempts have been

achieved．

Poly（vinylalcohol）PVA），Whichisawater－SOlubleandbiocompatiblematerial，
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hasbeenwidelyusedinsoRcontactlenses，drugdeliverymatrices，Cartilageimplants，

temporary skin covers．Or bum dressings and artincial organsl3］・While PVA

electrospun nanOfibers have been prepared by thp electrosplnnlng methodand

investigatedtheirfunctions［4－10］，PVAnano茄bers cannOtmaintaintheirfibrous

morphologyin water owing to highhydrophilicityofPVA．Tbimprove、Water

resistanceandthermalstabilityneedstheenhancementofPVAcrystallinityandthe

fbrmationofcross－1inkingpoints・ConventionalPV仏斤bershavebeenproduced丘om

fu11yhydrolyzedPVAhavingahighercrystallinedegreethanpartiallyhydrolyzed

PVA［3］・Yao et al・fbund thatfully hydrolyzed PVA nan0負bers successfu11y

fabricatedinthepresenceofasurfactanttolowerthesurfacetension［11］．Chemical

CrOSS－1inkingofPVA丘berscanalsoimproveitsstabilityl3］・Chemicalcross－linking

is advantageOuS becauseit canimprove stabilityoffibrous morphologyin all

SOIventsandthemechanicalproperties・Glutaraldehyde，maleicanhydride，glyoxal，

andblockedisocyanateprepolymerhavebeeninvestigatedaschemicalcross－1inking

agentsfbrPVAnan0且bers［12－16］・However，thesefibermorphologieswerechanged

afterimmerSedinwater at room temperature・Inthis context，the cross－1inking

PrOCeSSinelectrospunPVAnanofibersneedstobeexploredfurther．

Inthisstudy，WerePOrtOnthepreparationofPVAnanofibers cross－linkedwith

NN－trimethylene－bis［2－（Vinylsulfbny）acetamide］1．The cross－linked PVA

nanOfibersexhibitednomorphologlCalchangeinhotwatertreatment．Theresulted

nonwovensprovide aspeci丘chydrophilicsurface，andthesurface can act as a

templatefbrthedepositionofinorganicmaterialsaroundthenan0飢ers．

4．2Materialsandmethods

4．2．1Materials

Two99・9％hydrolyzedPVAsamples（DP＝1，700and3，200）wereprovidedby

Kuraray Co．Ltd，Tbkyo，Japan・Partiallyhydrolyzed PVA2000（DP＝3100，88％

hydrblyze degree）waspurchasedfromTbkyo Chemicalhdustry Co．Ltd，rIbkyo，

Japan・Aceticacidwaspurchased圧omWako，Osaka，・Japan．Cross－linkingagentl

WaSPrOVided丘omF句ifilm・Co・Ltd，rIbkyo，J叩an．Allchemicalswereofanalytical

gradeandwereusedwithoutfurtherpurification．
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超1　攣　　憂甲　蔦。

－デ昔へ訂■トし‾エ‾＼－ノ軋甘‾■●、甘七＝モー

．量　自　　　　主毎　量

4．2．2Characterization

TheconductivityandsurfacetensionofPVAsolutionsweremeasuredusinga

COnductivitymeter（ECTbstrll＋，EutechIntrumentsCo．Ltd，USA）andaWilhelmy

Plate method witha tensiometer（CBVP－Z，Kyowa hterface Science Co．Ltd，

Saitama，Japan），reSPeCtively．Viscosities were measured using a viscometer

（VM－10A，CBCCo・Ltd，Tbkyo，Japan）at250C・Fibermorphology，aVerage斤ber

diameterand distribution ofthe electrospunPVAfibers were characterizeduslng

scanningelectronm●icroscopy（SEM）（VE－8800，KeyenceCo．Ltd，Tbkyo，J叩an）

and　鎖eld－emission scanning electron microscopy（FE－SEM）（S－5000，Hitachi

High－teClm0logiesCo・Ltd・，Tbkyo，Japan）・DifEbrentialscanningcalorimeter（DSC）

PSC6200，SeikoInstruments hc・Japan）was usedto characterizethe thermal

PrOPertiesoftheelectrospunPVAnonwovens．Apieceofnon－WOVenS（2－5mg）was

placedinanaluminumsamplepanandheated圧om30to3500CatlOOC血lihunder

N2．ThechemicalstructureofnanofiberswasconductedwithaFTIIR（IRPrestige－21，

Shimadzu，Japan）・Mechanicalproperties were perfbrmed with a tension tester

（FrC－1250A，A＆D Co・，IJtd，Japan）ataconstantstrainrateof2mm／min（chuck

distance40mm）．Tensilespecimenswerepreparedinsizeof40Ⅹ5mm2witha

thicknessca・20匹・andrepresentedaveragevaluesofatleast＼tentests・Thestability

inwateroftheelectrospunnan0且berswasestimatedbyimmerslngtheelectrospun

han0重bernonwovensinwaterat且Xedtemperaturefbllowedbyvacuumdryingat

roomtemperaturefbrtwo days．Weightlosswascalculatedbytheweightchange

befbreandafterimmerSiontestinthedrystateandrepresentedaveragevaluesoften

tests．

4・2・3DepositionofmagnetitelayersontocrossElinkedPVA

nano負bers

FeC136H20（5．7mg，21．1LLmOl）andFeC124H20（2．1mg，10．5トLmOl）were

dissoIvedin8mlofdistilledwaterandtheaqueoussolutionwasdegassedbyN2［17］・

Thenan；fibernonwoven（0．5mg）wasimmersedwithinthedegassedaqueous
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solution offbrrousand fbrricionsand stood fbrl hr．Aflerl h，21．2MNaOH

aqueoussolution（0・5ml）wasaddedslowlyandthemixturewasheatedto900cfbr

40min．Aftercoolingtoroomtemperature，nOnWOVenSWereWaShedwithwaterand

driedundervacuum．

4．3Resultsanddiscussion

4．3．1FullyhydrolyzedPVAnano負bers

CommercialproductionofPVAfiberiscarriedoutbywet－SPinnlnguSlngPVA

aqueoussolution［3］・Sincethedegreeofhydrolysisstronglya銑ctswaterresistance

andmechanicalproperties ofPVA丘ber，fu11y－hydrolyzedPVAis aprefbrredraw

materialfbr且berfbrmationbecauseofitshighcrystallinity．Inthepastdecade，the

electrosplnnlngOfPVAaqueoussolutionhasbeenintensivelyinvestigated，butmost

Oftheresearchesareba畠edonpartiallyhydrolyzedPVAwith88－96％hydrolysis

degreel4－10］・Electrospun nanOnbers ofpartiallyhydrolyzeq PVAwith88％

hydrolysisdegreewereeasyto changetheirfibrousmorphologleSinContactwith

Waterand showedweakmechanicalproperties．ToimprovewaterresistanCe and

mechanicalperfbrmanCeOfPVAnanofibers，WeSelectedfu11yhydrolyzedPl仏asa

rawmaterialofelectrospunPVAnano丘bers・Theelectrospunobjectswereprepared

丘om6W／v％aqueous solutions ofpartially orfully hydrolyzed PVAs（number

average polymerization degree（DP）are3，100and3，200景）rPartiallyandfully

hydrolyzedPVAs）byapplyingatlOkVwithaco11ectingdistqnceof14cm．While

thepartiallyhydrolyzedPVAcanfbrmunifbmandlongnanOfiberswith35’oj＝30

nminaveragediameter，theaqueoussolutionoffullyhydrolyzedPVAfbmSOnly

droplets・haddition，nO且berfbmed丘omfu11yhydrolyzedPVAaqueoussolutions

intheconcentrationrangeof6．0－11．Owt／V％．
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D　　　2　　　4　　　6　　　8　　10

Acetic ac】dconcontrat10n（VJv％I

0　　　2　　　4　　　6　　　8　　10

Acotic acidCOnC¢ntration（V／V％）

●●●●●

0　0　0　0　0　0　　0　　0

0　　　2　　　4　　　6　　　8　　10

Acotic acidconcontration（V／V％）

Figure4．1Changesin（a）electroconductivity，（b）viscosity，and（C）surfacetensionof

PVA（DP＝3，200）aqueoussolution（●）andwater（○）asafunctionofaceticacid

COnCentration．（d）SEMimagesofelectrospunfu11yhydrolyzedPVAnano鎖bers

PreParedfrom3．Ovル％aceticacidaqueoussolutionsof6W／V％PVA（DP＝3，200）．

Ingeneral，COntinuousandtlniformSPlnnlngOfnan0坑bers魚・OmPOlymersolutions

throughelectrosplnnlngPrOCeSSrequlreSaqjustmentsofsolutionpropertiessuchas

Surfacetension，electroconductivity，andviscoslty．FullyhydrolyzedPVAaqueous

solution（6．Ow／V％）revealedahighsurfacetensionat25。Cof65mN／m，While

PartiallyhydrolyzedPVAofsameconcentrationshowedamuchlowervalueof39

mN／m・ThishighsurfacetensionoffullyhydrolyzedPVAisoneoflimitingfactors

fortheelectrosplnnlngPrOCeSS・Alowsurfacetensionisfavorableforelectrosplnnlng

PrOCeSSbecauseofthesmoothqiectionofthejetfromtheTaylorconell］．Yaoetal．

foundthataqueoussolutionsoffullyhydrolyzedPVAwithoutanyadditivesdidnot

formnano坑bersduetotheirhighsurfacetensionandsuccessfullyaccomplishedwith

theuseofTtitonX－100toreducethesurfacetensionofthePVAaqueoussolution

lll］．Theadditionofadditivesfbrthereductionofsurfacetensionis aneffbctive

approachtoimprovetheelectrospinningprocessl18］．However，theadditivesremain

Within the nanonbers and the remained additives may affbct鎖nalproperties of
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nano且bers［5－6，11］．We selected acetic acid as an additive，andacetic acid can

evaporateduringtheelectrospinningprocess［19］・Changesofsolutionpropertiesof

PVA solutions as afunction ofacetic acid concentration were shownin Figure

4．1（a－C）．Withtheconcentratiohofaceticacidincreased丘omO to3．O vル％，the

surface tension of the solution declined fi・Om　65　to　57　mN／m and the

electroconductivitywas edlanCed丘om67tol144トLS／cm．Although4．O vル％

aqueousethanoIsolution（surfacetension：52mN／m，electroconductivity：96トLS／cm，

Viscosity：191mPa s）showed a similarSurface tension as3．O vル％acetic acid

SOlution，aqueOuS ethanoI solution offu11y hydrolyzed PVA fbrmed beaded

nano斤bers．When O．1wt％Sodium chloride was employed to a句ust a similar

electroconductivity（surface tension：67mN血，electroconductivity：1377トLS／cm，

Viscosity：308mPas）asthatof3・Ovル％solutionofaceticacid，theelectrospinning

Of，this solution fbrmed only droplets without fibers．These results show that

a句ustmentofbothsurfacetensionandelectronicconductivityareessentialfbrthe

COntinuous andunifbrmSPlnnlngOfnanOfibers丘omsolutionoffu11yhydrolyzed

PVA．Aceticacidisavaporousadditivetoreducethesurfacetensionandenl1anCethe

electronicconductivityofaqueoussolutions．

Whenaceticacidwasaddedto6・0坤％Solutionoffu11yhydrolyzedPVA，long

andsmoothnanonberswerefbrmedwithOutbeadsandtheaveragediameterofPVA

nano丘berswas260土25nm（Figure4．1d）．FTLIRspectrumofnanofibers didnot

Show the characteristic peaks ofcarboxylicand ester groups（Figure4．2）．This

indicatesalmostcompletelyevaporationofaceticacidduringtheelectrosplnnlngand

dryingprocesses（vacuumfbr12hatrPOmtemPerature）・Nofbrmationofacetatesby

the polymer reaction with acetic acid・FurthemOre，the melting point ofPVA

nanOfibermeasured負・OmDSCcurveWaSfbundtobe2240C，Whichisconsistent

withthatofthepowderedsample（2200C）［13，20－22］．Additionofaceticacidto

aqueoussolutionoffu11yhydrolyzedPVAreducedthe．fbrmationofbeadsduetothe

reduction of surface tension，and produced nanOfibers with a narrow diameter

distribution．
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Figure4・2FTLRspectraof（a）aceticacid，O））as－SPunPVAfibers，and（C）PVA

重bersundervacuumfbr12h．

ThenanofibermoIphologieswereinvestigatedbyvarylngtheconcentrationof

aceticacidin6．Owル％SolutionoffullyhydrolyzedPVA（Figure4．3）．Whenthe

COnCentrationofaceticacidwasl．Owt％，afbwbeadedfiberswerefbrmedbutthe

m毎0ritywas droplets・Whentheconcentrationincreasedupto2．O wt％，unifbm

且bers withan average diameter of222±46nm were obtained on the target．

However，there were still’Some droplets collected oIIthe target，indicating an

unstable electrospinnlng．PVA solutions containing above3．O wt％acetic acid

indicate a steady electrospinnlng Without dropletsand unifbrmnanOfibers were

COllectedontothetargetelectrode．TheaveragediameterOfobtainedPVAnan0且bers

increased録om260土25nmto350土37mmWiththeincrease ofconcen仕ation of

aceticacid丘om3．OtolO．Ov／v％．
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Figure4・3SEMimagesofPVAnano丘bers（PVAconcentration：6W／V％）preparedat

dif托rentaceticacidconcentrations；（a）Owt％，（b）1wt％，（C）2wt％，（d）3wt％，（e）

4wt％and（f）10wt％．

Figure4．4SEMimagesofPVAnano鎖bers（aceticacidconcentration：3wt％）

PreParedatdi飴rentPVAconcentrations；（a）2wt％，（b）5wt％，（C）7wt％and（d）

9wt％．

The effbct ofconcentration offully hydrolyzed PVA on the morphology of

electrospun nanonbers wasinvestigated by varylng the PVA concentrations

COntaining3．Owt％aceticacid（Figures4．4and4．5）．Onlybeadswerecollectedoh
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thetarget丘om2・Owル％aqueoussolutionoffullyhydrolyzedPVA．WhenthePVA

COnCeuntrationwasincreasedto3・Ow／v％，beadedfiberswerefbundonthetarget．

Completelybeads一缶ee且berswithanaveragediameterof260j＝25nmwerefbrmed

at6・Ow／V％・Thenan0丘bersprepared丘om9．Owル％PVAsolutionbecamemuCh

WiderwithanaVeragediameterof766j＝155nm．

4　　　　　6　　　　　8

鞘C

10　　　12

Figure4・5DiameterdependenceonPVAconcentrations．

Whenthenonwovens composedofelectrospunPVAnanofiberswereimmersed

into water，the nonwoveninstantaneously shrank and tumedinto globular gels．

Fibrousstructureswerelostbytheimmersionofnonwovensintowater．Theweight

lossesofnanOfibernonwovensafterimmerslngintowaterat370cfbr2hrwere

rheasured・Thenanofibernonwovenmadeofpartial1yhydrolyzedPVAcompletely

dissoIvedinwater．In contrast，the nonwovens made offully hydrolyzed PVA

Showed a26％ofweightloss，indicating abetterwater－reSistingpropertythan

PartiallyhydrolyzedPVA．ThedegreesofcrystallinityofnanOfibersdeterminedby

theDSCanalyseswerefbundtobe17and35％fbrpartiallyandfu11yhydrolyzed

PVAs，reSPeCtively．ThepresenceofacetategroupsinPVAsdiminishesthefbrmation

Ofhydrogenbondingamongpolymerchainsandreducesthedegreeofcrystallinity．

TheuseoffullyhydrolyzedPVAshasagreatadvantagetoimprovewaterresistance

Ofnanofiber nonwovens・FurthermOre，the mechanicalproperties ofnonwovens

made offu11yhydrolyzedPVAsrevealedhighertensilestrength andstrainvalues

COmParedtothatofpartiallyhydrolyzedPVA．Thissuggeststhatthehighdegreeof

CryStallinity？nhanCedthemechanicalpropertiesofnano負bernonwovens・
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1もble4．lPhyscialpropertiesandwaterresistanceofPVAnanonbers

DPofPVA l，700a　　　　3，200a　　　　3100b

Meltingpoint（OC）　　　　216　　　　　　221　　　　　191

Degreeofcrystallinity（％）　　　29　　　　　　　35　　　　　　15

Tbnsilestrength（MPa）　　6．1±3．1　　12．0土2．3　　　　5．3土1．9

Enlongationatbreak（％）　56．7土6．8　　114．2士14．5　　　32．7j＝5．8

WeightlossinwaterC（％）　26（Od）　　17（Od）　　100（35d）

aFullyhydrolyzedPVA，bpartiallyhydrolyzedPVA，C370Cfor2hr，dafterthermal

treatmentat180OCforlOmin

Nanonberformations oftwofullyhydrolyzedPVAs havingDP＝1，700and

3，200wereinvestigated・Uniform nano坑bers were obtained魚・Om aqueOuS PVA

SOlutions containing acetic acid・LowmolecularweightPVÅ（DP＝1，700）formeq

beads一打eenanonbersfromthePVAsolutionscontaining3．Ovル％aceticacidinthe

PVAconcentrationranges of9．0－13．O wt／V％．PVAnanonbers withtwo di飴rent

molecularweights showeddiffbrentproperties（Thble4．1）．FullyhydrolyzedPVA

nanonbersrevealedanincreaseinmeltingpointfrom216to22lOCandindegreeof

CryStallinityfrom29to35％asincreaslngOfmolecularweightfroml，700to3，200．

Thetensilestrengthofnanonbernonwovensalsoenhancedaccordingtotheincrease

Ofmolecularweights．

4．3．2ThermalTreatment

100　120　140　180　180　200

ThormaltrealmenttemperahJrQrCl

Figure4．6a）SEMimageofthermaltreatedPVA（DP＝3，200）nanonbersaRer

immersingwaterat37PCfor2h（b）WeightlossesofPVA（DP＝3，200）nanofibers

treatedatdiffbrenttemperaturesatterimmerslngWaterat370cfbr2h・
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AlthoughthenanOfibernonwovensmadeoffullyhydrolyzedPVA（DP＝3∋200）

exhibitedbetterwaterresistingpropertycomparedtopartiallyhydrolyzedPVA，the

morphologyofnanOfiberswaslostbytheimmerslngihtowater，SuggeStingthat

WaterreSistanceofas－SPunnanO且bernonwovensisnotenough．Fortheconventional

PVABbersproducedbywet－SPinnlng，＿POSt－thermaltreatmenthasbeenemployedto

improvetheirwaterresistingproperty［3］．Thenanofibernonwoventreatedat1800c

fbrlOminshowednoweightlossbytheimmerslnglnWaterat370cfbr2hr，

indicatingtheimprovementofwaterresistanceofPVAnano且bernonwovensbythe

POSt－thermaltreatment・Theheat－treatednanOfibersmaintaineda負brousmorphology

andtheaveragediameterOfimmersednanofiberswasenlarged丘om260j＝25nmto

420j＝30nm（Figure4．6a）・．Inconはast，thepartiallyhydrolyzedPVAnano頁bersdid

notshowtheenhanCementOfwaterresistancebytheheattreatmentat1800C．The

Weightloss offu11y hydrolyzed PVA nano且bers w年S gradually decreased as

increasingtemperatureofthermaltreatments（Figure4．6b）．Thenanofiberstreated

below1800cchangedno－StruCturalmaterialsbytheimmerslnglnWater・

4．3．3Cross－linking

Themorphologiesofthemal－treatednanofibersbytheimmerslnglnWaterkept

below450C，butthefibrousstructurewascompletelylostabove500C・Thethermal

treatednanOfibers couldnotmaintaintheirfibrous struCtureSinhotwater．Forthe

biomedicalapplications，thesterilizationprocessofmatとrialsisessentialtoeliminate

al1fbmSOfmicrobiallift．Tbachievethecompletewaterresistanceinhotwaterand

Steamfbrthe sterilizationprocesses needsthe cross－linking among PVA chains

Withinthenan0且bers．Thereareseveralattemptsfbrthecross－1inkingofPVAby

us1ngSeVeralcros5－1inkingagentsinthepresenceofstrongacids．Cros5－1inkedPVA

nanOfibershavebeenpreparedbytwomethdds．Oneapproachisthesoakingof

electrospunPVAnan0斤berswithsolutionsofcross－linkingagentsinthepresenceof

StrOng aCids orthe exposure ofnanOfibers with vapors ofcross－1inking agents．

Recently，KIlanand coworkers succeeded to obtain cross－linked PVAnanofibers

through　Single step electrospinnlng fiom PVA aqueous　SOlution containing

glutaraldehydeandHCl［16］．1hsitucross－1inkingprocessescanuseaconventional

SetuP With no modi貢cations，however，the presence ofcross－1inking agenls and

CatalyticacidsinfhencedthesolutionpropertiesofPVAsolutions・Thus，thecarefu1
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a4iustmentofsolutionpropertiesisneededtoobtainthecross－linkedPVAnanonbers．

Andthereisnoreportfbrthecompletewaterresistanceinhotwater．Compoundl

WaSuSedasawater－SOlublecross－linkingagentfbrelectrospunPVAnanonbers．This

CrOSS－1inkingagenthasbeenusedforthepreparationofwater－insolublematerialsby

theformation of cross－1inking points among water－SOluble polymersincluding

gelatinsandstarches．Thevlnylsulfonylgroupsinlreactwithhydroxygroupsin

PVAwithouttheuseofcatalyticacid．TheaqueousmixtureofPVAandlatroom

temperaturedonotcausegelationbythefbrmationofcross－1inkingpolntSandkeep

Stablesolutionhavingthesameviscosityduringseveraldays．Thisindicatesthatthe

CrOSS－1inkingreactiondoesnotoccurinaqueoussolution．Ontheotherhand，the

driedPVAmmspreparedfromaqueoussolutionofPVAandlexhibitsinsolublein

water after the thermal treatment at1500C・■Compoundlis suitable as a

CrOSS－linking agent to obtainin situ cross－linked PVA nanonbersthough the

electrosplnnlngPrOCeSS・

Figure4．7SEMimagesofelectrospunPVA（DP＝3，200）nanonberscontaining15・O

wt％1；（a）as－SPunnanO丘bers，（b）nanonbersaRerthermaltreatmentat1500CforlO

min，and（C）nanonbersafterimmersinginhotwaterat900Cfor2hr．（d）Proposed

chemicalstructureofcross－1inkedPVAs．
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hordertoimprovethewaterresistingproperty，Chemicalcrossqlinkingreagentl

WaS aPPliedin electrospinnlngPrOCeSS Offu11yhydrolyzedPVAs．Thenano負ber

nonwovensprepared丘omthemixedsolutionoffullyhydrolyzedPVA（DP＝3，200）

andldisplayedcompleteresistanCetOhotwateranddidnotshowthechangeOf

diameteraftertheimmersinginhotwater．O7igure4．7a）Unifbrmnanofiberswere

Obtained丘omtheelectrospirmingofmixedaqueoussolutionofPVAwithland3．O

Vル％aceticacid，andtheaveragediameterofnanoBberscontaininglwasalmostthe

Same aS nanOfibers pr甲ared　録om PVA aqueous solution withoutl．The

COnCentrationoflwas15．Owt％，Whichisequalto2m01％againstthenumberof

hydroxy groupsinPVA・This suggests thatthepresence ofl didnot afEbctthe

SOlution properties of PVA aqueous solution（surface tension‥　57　mN／m，

electroconductivity：1214トLS／cm，Viscosity：352mPas）・A氏erheatingatl声00Cfbr

lOmin，nOChangeSOffibrousstructurewereobservedasshowninFigure4．7b．After

immersioninhotwaterfbr2h，the cross－1inkedPVAnanOfibers showed only a

Weightloss of O．4％，the morphology andthe average diameter of nanOfibers

remainednoaltered，reVealingthecompleteresistanceinhotwaterat900C・

4000　　3500　　3000　　2500　　2000　1500　1000　　500

wavenumberIcm－1

Figure4．8FTJRspectraof（a）PVA，（b）1，and（C）cross－1inkedPVAnanofibers・

Thefbrmationofcross－linkingpointsinPVAnanOfibers canbemonitoredby

FIIR spectrum and DSC．As　shownin Figure4・8，the FTLIR spectrum Of

cross－1inkednanOnbers showedthepeakat1660cm－1attributedtothe－C＝O

stretchingvibrationoflaswellasabroadcharacteristicpeakat3300cm－lattributed

tothe－OHstretchingvibrationofPVA［3，5］．FurthermOre，COmParedtothespectrum
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ofas－SPunnan0丘bersbefbreheating，thepeaksat3082and975cm－1attributedtothe

Vibration ofvinyl segments almost disappeared，Whichindicatedthe chemical

reactionbetweenhydroxylgroupofPVAanddoublebondofl．Cross－1inkedPVA

nanofibers．showedlowermeltingpoint（1800C）anddegreeofcrystallization（24％）

than PVA nan0且berlacking cross－linking points（Tbble4．1）．Theinduction of

CrOSS－linking points would decrease the regularity ofPVA molecular chainand

SuPPreSSthecrystallizationofPVA・Therefbre，theincorporatedcross－linkingagentl

WithinPVAnanofibersreactedwithhydtoxylsidechainsinPVAandfbmedthe

CrOSS－linkingpointswithinthepolymermatriⅩ．

20　　　　　40　　　　　60

Elongationatbreak（％）

80　　　　100

Figure4・9Tensilepromesof（a）as－SPunand（b）cross－linkedPVAnanofibers．

Thecross－1inkinginthepolymermatrixwouldenl1anCethetensilemechanical

StrengthofPVA nanOfibers・Leeetal・SuCCeSSfullyenhancedthetensilestrengthof

PartiallyhydrolyzedPVAnanOfibernonwovenslbyseventimesinpresence ofa

blockedisocyanate prepolymer as a cross－1ihker［15］．The tensile mechanical

Perfbrmanceofcross－linkedPVAnano貢berswassigni丘cantlyimprovedcompared

WiththatofthepristinePVAnanOfibers（Figure4．9）．Thetensilestressincreased

丘om14．0土1・8to56・8土4．6hmaandtheelongationatbreakofthenanOfibers

decreased録om94・6土10・2to53・6j＝8・2％bythefbrmationofcross－1inkingpoints・
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4．3．4DepositionofmagnetitelayeronPVAnanofiber

劫；．独　1輪　　鍾　　00　　闇　　路　　蛤

封帰

Figure4．10（a）SEMimagesofPVAnanofibersdepositedwithmagnetitelayer．The

insetsshowFE－SEMimageandthemagneticresponsivenessofnanonbermattothe

appliedmagnetand（b）XRDpattemOfPVAnonwovendepositedwithmagnetite

layer．

Recently，Water－SOluble polymersincluding PVA have been used as capplng

regents to stabilize various metal nanoparticlesl23－27］．Within the metal

nanoparticles，magnetite nanoparticles　with a controlled size have attracted

increaslnginterestsduetotheirsuperparamagnetismandlowtoxicityfbrbi0－medical

叩Plications［28－31］・Tbdate，SeVeralgroupsreportegonmagneticnanonbersby

mlXlngPre－PreParedmagnetitenanoparticles orprecursors withpolymersolution

andfollowed by the electrospinning processl32，33］．In contrast，We PrePared

magnetic nano鎖bers by a simple way uslngthe hydrophilic surface ofthe PVA

nano丘bers．Wepreparedthemagneticnon－WOVenSbythedepositionofmagnetiteon

the cross－linked PVA nanonbers according to the modined method　for the

PreParation of magnetite nanoparticlesl17］．During the deposition process of

magnetite，thecolorofnonwovenwaschangedfromwhitetopale－brown．TheSEM

imagerevealedaunifbrmdepositionofmagnetitelayerontothe surface ofPVA

nano鎖bersandnofbrmationoflargemagnetiteparticles（Figure4．10a）．Theaverage

diameterofmagnetite－depositednano且bersis295土40nm（theaveragediameterof

ParentPVAnano且beris250土27nm）andthethicknessofmagnetitelayeraround

PVA nanofibersis about25nm・The preservation of fibrous morphology also

indicatedthe high－Stability ofcross－linked PVAnano丘bers．The XRD pattem Of

nonwovendepositedwithmagnetitelayershowedflvedi緻actionpeaksat20＝30．2，

35・6，43・3，53・5，and57．20（Figure4．10b）．Thesepeakpositionsagreewith（220），
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（311），（400），（422）and（511）crystallogr叩hicplanesofthespinel、PhaseFe304［34，

35］．The unifbrm　deposition of magnetitelayeris mainly attributed to the

COmPlexationofironions ormagnetitenanoparticleswiththehydroxygroupsin

PVA．Thetreated nonwoven exhibited amagnetic responsiveness to the applied

magnetasshownintheinsetofFigure4．10．hvestigationsareunderwaytoevaluate

magnetic properties by vibrating sample magnetorpeter・The hydrophilic PVA

nanOfiberswofkedasatemplatefbrthefbmationofmagneticnanofibersbythe

depositionofmagnetitelayer・

4．4ConclllSion

Fully hydrolyzed PVA nanofibers were successfu11y prepared by the

electrospinnlngmethodusingPVAaqueoussolutidnsinthepresenceofaceticacid．

Aceticacidis avaporous additiveto reducethe surfacetensionandenhancethe

electronic conductivity of PVA、aqueOuS SOlution．The adjustment of solution

PrOPertiesofPVAaqueoussolutionsresultedinthecontinuoussplnnmgOfunifbrm

nano丘bers．The concentration of acetic acid and the・mOlecular weight ofPVA

StrOngly afEbctedthe resulted morphology ofPVAnano斤bers・The post－thermal

treatmentofPⅦ彗nOfibersandtheinTSitucross－1inkinggreatlyenhancedthewater

resistanceofnanofibers．Especially，themorphologyofcross－1inkedPVAnano丘bers

didnotchangeaflerimmerSlngintohotwater．FurthemOre，thetensilemechanical

PrOperties of PVA nanofiber nonwovens were significantly enhanCed via

CrOSS－1inking・Wedemonstratedthedecorationofmagnetitenanoparticlesontothe

Surfaceofthecross－1inkednanofibers・ThenanoBberswithmagnetiteshowedthe

SamemOrPhologyastheparentnanOfibersandrevealedamagneticproperty．The

CrOSS－1inkedPVAnanOfiberscanopennewpossibilityfbrthecreationoffunctional

nanocompositematerialsbycombiningvariousnanomaterials・
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Ch叩ter5

CHAPTER5：Flexibletactilesensorusingreversible

dehrmation of poIy（3－hexylthiophene）nanofiber

assemblips

Abstract

Inthispaper，Wer甲OrtaSimpleapproachtofabricatingscalablenexibletactile

SenSOrSuSinganan0丘berassemblyofregioregularpoly（3－hexylthiophene）O）3HT）．

UnifbrmP3HTnano且bersareObtainedthroughacontinuouselectrosplnnlngPrOCeSS

uslng a homogeneous solution of high－mOlecular－Weight P3HT．The P3HT

nan0且bersare Oriented by collecting them on arotating drum collector．Small

Physicalinputsinto the self－Standing P3HT nanofiber assemblies glVerise to

additionalcontactamongneighboringnan0且bers，Whichresultsindecreasedcontact

resistanceindirectionsorthogonaltothenan0丘berorientation．TheP3HTnanofiber

assemblies could detectpressure changeS andbendingangles bymonitoringthe

resistancechanges，andthesensorresponseswererepeatable・

5．11ntroduction

BiologicalandartincialmaterialscontainhierarchicalstruCtureSCbmposedof

StruCturalelementspossessingdifEbrent占izescales，andthestruCturalhierarchyplays

animportintroleindeterminingthebulkproperties［1］．TheconstruCtionof

hierarchicalstruCtureSbasedonnan0－andmicrostruCtureSCanglVerisetoimproved

OrmOreuSefulphysicalproperties：Recently，SeVeralgroupshave demonstrated

nexible skin－like electronic sensorsthroughthe creation ofordered struCtureS On

flexible substrates［2－4］・These sensors can detectpressure，Strain，and bending

Changesthroughthedefbrmationofnan0－9rmicrostructures・AssembliesoflD

fibrous struCtureShavealsobeenusedas senslngunitsinthe skinlikeelectronic

SenSOrSl5，6］・AnexiblecarbonnanOtube（CNT）strainsensorhasbeendemonstrated

byHataetal・inwhidhCNTthinBlmsalignedonnexiblesubstratescouldsense

Strainsinresponsetothe expansion ofa CNTfilm［7］．Suh et al．developed a

Strain－g飢lgeSenSOrbasedonnanoscalemechanicalinterlockingbetweentwoarrays

Ofmetal－COatednano卓bersl8］．Theassemblyoftiny且bersisausefu1microstruCture

fbrmonitoringminutepressurechanges．
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Regioregularpoly（3－alkylthiophene）S（P3HTb）arethemostprominen10rganic

Semiconductors appliedin organic electronicsinvoIving organic field－efEbct

transistorsandsolarcellsl9，10］・NanoscaleP3HTfibershavebeenfabricatedusing

Varioustechniques，SuChasself－Organizationinsolutions［11，12］andelectrospinning

［13］’，andtheir electronicproperties have beeninvestigated．Electrospinningis a

Simplemethodfbrproducinglongandcontinuous負nefiberswithdiametersranglng

丘omlOnmtosubmicrometersl14］・Becauseoftheabsenceofchainentanglement

Ofrigid rodlike P3HTin a solution，the continuous splrmlng Ofunifbrm P3HT

hano且bersrequlreSeithermlXlngWithhigh－mOlecular－WeightinsulatingpolymerSOr

theuseofhighlyconc占ntratedsolutionsl15－20］．ThemixingofconductiveP3HT

withnbnconductivepolymershasresultedinalowerconductivitycomparedtothat

Ofpure P3HT：Tb avoidthis drawback，COre－ShellnanOfibers embedding P3HT

nanofibershavebeenfabricatedbycoaxialelectrospinnlnguSlng竺aCriBcialshells

［21－25］・TbobtainthepureP3HTnano且bers，theshelllayersneededtoberemoved

丘om the core－Shellnanofibers，andthe residual shelllayers around the P3HT

nano貢bersafEbctedtheelectronicproperties．Veryrecently，Kotakietal．fhbricated

PureP3HThan0且bersbyelectrosplnning駐omahighlyconcentratedP3HTsolution

l26］・TheyfbundthatthephysicalentanglementamongP3HTbackbonesinhighly

COnCentrated solutionsimprovedthe spinnability・However，the resulting P3HT

nano鎖bers possessed nonunifbrm surface structures and scalable nano且ber

fabricationwasimpossiblebecauseoftheinstabilityofthejetinitiationprocess．To

OVerCOme theselimitations of pure P3HT nanOfiber fabrication，We uSed a

high－mOlecular－WeightreglOregularP3HT・Themolecularweightofthis P3HTis

aboutlO times higher thanthat ofthe P3HT usedinprevious studies．Our

expectationwasthatthelongerlengthoftherigidP3HTbackbonewouldincrease

the solution viscosity ofalow－COnCentration solution．This changein solution

PrOPertiesmayimprovetheelectrospinningstabilityinthefabricationofpureP3HT

nanofibers．We also expectedanenhanCement Ofthe mechanicaland electronic

PrOPertiesfbrhigh－mOlecular－WeightP3HTnanofibers，WhichisimportantintermS

OfdevelopingnexibletactilesensorsbasedonP3HTnanOfiberass9mblies・

Inthepresentstudy，Wedevelopedanexibletactilesensorconsistingofaligned

P3HTnano且berassemblies・ContinuolやelectrosplmlngOfhigh－mOlecular－Weight

P3HTfbrmedself－Standingnanofiberassemblies，andtheiodine－dopednanOfiber
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assembliesexhibitedananisotropicelectronicconductivityalongwiththefiberaxis．

Theinterconnectingofnan0Bberswithinthealignedassembliescausedresistance

ChangeSinresponsetopressurechangesandbendingmotions・

5・2Experimenta1

5・2・lPreparationofP3IITnanofibers

P3HTsolutionswerepreparedbydissoIvingP3HTinchlorofbrmat580Cwith

Stirring fbr4h・The electrospinning equipment脚ON－0lA，MECC，Japan）

COnSistsofasyringewithahollow，bluntmetalneedlespinneret（0．7－mminner

diameter，NN－2238N，rumO，Jqpan），aSyringepumpfbrcontmlledthefbedrate，a

groundedcylindricalstainlesssteelmandrel，andahighvoltageDCpowersupply・In

atypicalelectrospinningexperiment，P3HTsolutionwastransftrredintothesyringe

anddeliveredto、thetipofthesymngeneedlebythesyrlngePumPattaCOnStantfbed

rate（3・OmL／h）・A12kVpositivevoltagewasappliedtotheP3HTsolutionviathe

Stain1esssteelsyrlngeneedle・Thesubsequently再ectedpolymerfiberwascollected

OnthedrumCOllectorrotatingat3000rev／min・Thedistancebetweenthetipofthe

needleandthesurfaceofthecolleGtOrWaSabout14・cm．

DopingwithI2WaSCaITiedoutbyexposlngtheP3HTnan0fibersintoI2fume

（20gofIodinein500mlbottle）fbrabout40minat250cpriortomeasurement．

5．2．2Characterization

Fiber morphology，Verage fiber diameter and diameter distribution ofthe

electrospun P3HTfibers were characterized using scannlng electron microscopy

（SEM）（VE－8800，KeyenceCo・ud，Tbkyo，Japan）・DifEbrentialscanpingcalorimetry

PSC）PSC6200，Seiko hstrumentsInc・Japan）was used to characterize the

thermalpropertiesoftheelectrospunP3HTmats．ApieceofP3HTmat（2－5mg）was

Placedinanaluminumsamplepanandheated翫）m50to3000CatlOOC血linundera

N2atmOSPhere・The crystalline struCture Of the samPles was analyzed uslng

Wide－angleX－raydi於action（m；RotorflexRU200B；Rigaku，Japan）．XRDwas

PerformedusingNiLfilteredCuKαradiation（入＝1．5402Å）inastep－SCanmOdeata

rateoflO／mininthe20rangeOOr300・Mechanicalpropertieswereperfbrmedwitha

tensiontester（mC－1250A，A＆DCo．，Ltd，Japan）ataconstantStrainrateofb

mm／min（chuckdistance40mm）．TbnsilespecimensofP3HTnan0斤berassemblies
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werepreparedinsizeof40Ⅹ5mm2witha15匹m・thicknessandrepresentedaverage

valuesofatleasttentests．

5．2．3瓦lectricalconductivitymeasurements

Tbmeasuretheelectricalconductivityofisolatedelectrospunfibers，tWentyaligned

fibersweredepositedacrossapairofgoldelectrodes（2・Ocminlengthandgapwidth

Ofl．0mm）onaglasssubstrate．Theaverageelectricalconductivity（G），Which．isthe

inverseoftheelectricalresistivitうちCanbecalculatedbythefbllowlngequation，

G＝4†′n¶d2R

WhereRistheresistancemeasuredontheparallelAuelectrodes，nisthenumberof

Parallelpathways fbrmed by鎖bers bridging overthe contiguous electrodes as

measuredbydigitalopticalmicroscopy（KH－7700，Hirox，Japan），distheaverage

fibeidiameterobtainedbyscanningelectronmicroscopy．（VE－8800，KeyenceCo．

Ltd，Tbkyo，Japan），andγistheinterelectrodedistanceofAu・Assumingthatthe丘ber

SegmentSaCtaSreSistancesinparallel，thesingre一首berresistanceisRf＝nR．

5．2．4PressllreSenSlngteSt

PressuresensingtestwasperfbrmedonaP3HTassemblywithasquareof2．0cm．

Ag pasteis applied as the electrodes connected the P3HT assembly to the

measurement system．The resistance changeS Were mOnitored byuslng a SOurCe

meter（261まsystemsourcemeter，Keithley，USA）inresponsetomechanicalloads．

5．3Resultsanddiscussions

The P3HT nano丘ber assemblies were fabricated by　the conventional

electrosplnnlng PrOCeSS　駐om a homogeneous CHC13　SOlution of

high－mOlecular－WeightP3HT（SokenChemical＆Enginnering；VerazoIHT－030；Mw

＝　300－500　K g／mol，MJMn　＝　2・0－3・5，Regioregularity　＞　99％）．When

low－mOlecular－WeightP3HT（Aldrich；electronicgrade，Mn＝54－75Kg／mol，MJMn

＜2．5，Regioregularity＞98％）wasdissoIvedinCHC13at600Candthencooledto

roomtemperature，the colorofthesolutionchangedB・Om OrangetO darkbrown，

indicatingthefbrmationofinterpolymeraggregateSthroughstrong7t－7tinteraction

amongrigidP3HTbackbones・ShimomuraetaLrePOrtedthattheP3HTinsoIvents

SelfLorganizedintonanofibersthroughinterpolymerinteractions［27］．Thefbrmation

Ofself10rganizednanOfibersinthesolutionresultedinanunstableelectrosplnnlng
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PrOCeSS．Incontrast，thecolorofthehigh－mOlecular－WeightP3HTsolutionremained

unalteredaftercoolingtoroomtemperature．Moreover，theviscosityofthissolution

at4．Ow／V％wasmaintainedover12hrs．TheP3HTsolutionat4．Ow／V％showeda

COntinuousspinninguntiltheendofsolutionsupplyatroomtemperature（8hata3．0

mLnlfbed rate），and bead一丘ee uniform nanonbers were collected as nanonber

matsonthetargetelectrode．

50 100150　200　250　300

Temperature／て

（100）

（010）
す

5　10　15　20　25　30

2（）／degree

Figure5．1（a）SEMimage of aligned electrospun P3HT nanonbers．（b）DSC

diagramsfortheRrstheatingofP3HTnanonbers（SOlidline）andpowderedP3HT

（dottedline）．（C）XRDpattemOfP3HTnanonbers．

Figure5．1a shows the SEMimages ofaligned P3HTnanofiber assemblies as

PrePared by electrospinnlng uSlng a rOtating drum COllector at a丘ber take－uP

Velocity of940　m／min．The resulting P3HT nano鎖bers displayed ribbonlike

morphologywithanaveragewidthof811土115nmandanaveragethicknessof61土
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10nm．Althoughsubstantialmisalignmentwasstillobservedinthe重berassemblies，

theorientationparameterofthenanofiberassembliesestimatedbystatisticalanalysis

Ofthedirectionhistogramwasfbundtobe89％，SuggeStingthatthenanOfiberswere

Orientedwithinj＝2000ftheprefbrreddirection．AdifEbrqntialscanningcalorimetry

PSC）promeoftheP3HTnanofibershowedoneendothemicpeakat2460C，Which

WaSattributedtothbmeltingpoint（Figure5．1b）［28］．Theobservedmeltingpoint

WaSSlightlylowerthanthatofthepowderedsamPle（Tm＝2570C），andthepeakwas

broader．These difEbrencesin DSC seem toindicate the suppres占ion oflarge

CryStalline domain fbmation within the P3HT nano蔦bers．AnXTray di飴action

（ⅩRD）pattemofP3HTnanofibersdisplayedthreedi於actionpeaksindexedas（100），

（200），and（300）伊igure5・lc）［28］・Thepositionsofthedi緻actionpeaksalmost

agreewiththose ofthe P3HTthinfilm，indicatingthepres甲．Ce、ofa crystalline

lamellarstruCtureintheP3HTnan0Rbers・Moreover，a（010）di飴actionpeakdueto

the Tl－7t StaCkingamOngPOly（thiophene）backbones was observed．The dissoIved

high－mOlecular－WeightP3HTcrystallizedduring′theと1ectrosplnnlngPrOCeSS，andthe

nan0斤bersthenembeddedtheP3HTmicrocrystallines．
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a）

0　　　1　　　2　　　3　　　4　　　5

Voltage／V

Figure5－2．（a）1－VcurveSOftwentyP3HTnanonbersaRerI2doping．（b）Photogrqph

OfalignedP3HTnano丘berassembly（2X2cm）．（C）Schematicoftwoarrangements

Ofelectrodes（typesland2）onP3HTnanonberassembly．

Figure5－2ashowsthecurrent－VOltage（1－りCharacteristicsoftheP3HTnanonbers

atroomtemperature・TwentyP3HTnano且bersweredepositedacrossapairofgold

electrodes（2・Ocminlengthwithagapwidthofl．0mm）onaglasssubstrate，andthe

nbersdidnotcontactwitheachother（asconnrmedbyopticalmicroscopy）．The

Currentincreased exponentially withincreaslng VOltage，Whichis a typical

Semiconductive characteristic．After doping withiodine was carried out，alinear

relationshipin the1－Vcharacteristics was observed，SuggeSting thatthe partial

OXidation of P3HT byiodine dopingled to the macroscopically observed
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COnductivityofnanofibersl30］．The electronic conductivity of a single P3HT

nan0負berwasdeterminedtobe122土9S／cm．

The P3HT nanofibers were collected onto　analuminum fbil substrate on the

rotating disc collector during the continuous eiectrospinning，and the aligned

nanOfiberassemblies（15mthickness）couldbepeeled ofFofthe aluminumfbil

O7igure5・2b）・Theassemblieswere，nOtbrittleandmaintainedtheirshapeafter

removal放omthesubstrates・Thetensilestrengthofthealignedassemblyalongthe

nano且berorientationdirectionwas4．6士0．2MPaandthedegreeofelongationatthe

breakwas24・6j＝2・2％・TheP3HTnanOfiberswithinthe丘ee－Standingassembly

werelooselypackedwithadensityofO・27g／cm3・Thenanofiberassemblieswerecut

into2X2Lcm2samples，andtwoelectrodesweredrawnatbothedgesofsamplewith

Silver paste to connect the nanOfibers（Figure5．2C）．The resistance along the

nano丘berorientation（typel）was7timesthatinthe directionorthogonaltothe

Orientation（type2），indicatingthe anisotropic conductivityin aligned nanofiber

assemblies・ElectrontransportintheorthogonaldirectionrequlreSCOntaCtWithP3HT

nano且bersinordertomakepathwaysinnan0鎖berassemblies．Thus，theresistance

dependsonthenumberofcontactpositionsamOngtheP3HTnanOfibers．
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Figure5．3Electroniccharacterizationofthesensorinresponsetopressureloadsand

bending．（a）Currentchanges丘omP3HTnano丘berassembliespossessingdi飴rent

arrangementS Ofelectrodes（▲：Typeland●‥Type2）as afunctionofapplied

PreSSure．仲）Multiple－CyCletest（30cycles）ofP3HTnano且berassemblies（▲，△：

Typeland・，○：Type2）withrepeatedloading（Oand△）－unloading（・and▲）of

PreSSureatlOPa．（C）CurrentchangeSaSafunctionofthebendingangle．

The pressure－SenSlng PrOPerties ofthe P3HT nanOfiber assemblies were

investigatedbymeasunngthecurrentchangeSinresponseto difEbrentmechanical

loads．ThellVmeasurementsofassembliesshowedolmicbehaviorwithinarangeof
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0－5V，andthecurrentsappliedatl．OVbetweentwoelectrodesontheassemblies

weremonitored．Thecurrentsbetweentwoelectrodesparalleltothenano鎖beraxis

withintheassemblieswerealmostconstantwithincreaslngPreSSure．Incontrast，the

currentsbetweentheorthogonalelectrodesincreasedsteeplyfrom5Paandsaturated

above15Pa（Figure5．3a）．Theminimumdetectablepressurewasassmallas3Pa・

Wealsoperformedmultiplecycletestsbyrepeatedlyloadingandunloadingpressure

atlOPa（Figure5．3b）．Theoutputsignalsinadirectionorthogonaltothenano丘ber

orientation showed a constant value uponloading ofpressure，and the current

retumedtotheparentvalueattheunloading・Whilethecurrentretunedtotheparent

valuewithin5secondafterloadingatlOPa，theretumlngneededover30mina氏er

loadingat30Pa（Figure5．4）・Whenthenanofiberassemblieswerecf）mPreSSedby

thelargeloading，the nano丘bersinthe assemblies would be entangled andthe

releaslngOfentanglementrequlreSalongperiod・Thecurrentsalongthenanonber

orientationwerealmostconstant，reVealingnodamagetonano且berassembliesby

叩Plying pressure・When two ends of the nanonber assembly were stuck to

POly（ethylene terephthalate）（PET）nlm withthe silver paste（Figure5・5），the

assemblycoulddetectthebendinganglebychangingthecurrents（Figure5・3C）・

Smallphysicalinputsgaverisetoadditionalcontactamongneighboringconductive

nano且bersbythecompression，Whichproducedadecreaseofthecontactresistance

inadirectionorthogonaltothenano蔦berorientation・

Figure5・4Photogr叩hofP3HTnano且berassemblyfortestingofsenslngOfbending

motion．P3HTnanonberassembly（length2．0cm，WidthO．5cm）attachedwithtwo

electrodesinadirection orthogonaltothe orientationwas sticktoPETmm・The

P3HTnanonberassemblywasdeformedbybendingofPETfilm・
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0．0　2．5　5．0　7．510．012．5
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屈E u監禁

10Pa lOPa
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…叫汀．5Pa　　……7．5Pa

…‖・5Pa

…．．‖…7．5Pa
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…．．．5Pa

0　3　6　91215182124273033　　0　10　　20　　30

T如廟廟　　　　　　　丁如由舶

Figure5．5（a）Currentchanges丘omP3HTnanOfiberassemblies as afunctionof

appliedpressurewithloading（●）andunloading（○）．（b）CurrentchangeS aS a

functionofappliedpressurewithstepwiseloadingandunloadingatO，2．5，5，7．5，

10．0，12．5Pa．（C）Currentchangesa氏erloadingat30Pa．

5．4ConcluSions

hsummary，Wehavepresentedanexible organictactile sensorbased onthe

reversibledefbrmationofhigh－mOlecular－WeightP3HTnanofiberswithinthealigned

assemblies．ThesimplestruCtureCOmPOSedofalignedelectrospunnanofiberscanbe

usedto developtactile sensorsfbrdetectingsmallpressurechangeS andbending

angles・Webelievethatthenexibledevicesbasedonsimplenan0茸berassemblies

Canbeused as ambient sensors to monitor activities by embeddingthemwithin

Clothes andinteriors．The senslngrange Oftactile sensors would depend onthe

diameter ofthe nanofibers within the assemblies・Althoughiodine doping can

enhancetheelectronicconductivityofP3HTnano丘bers，thisconductivityCannOtbe

maintainedfbr alongperiod oftimebecause ofthe evaporation ofiodine丘om

nanofibers．WorkiscurrentlyunderwaylnOurlaboratorytotunethesenslngrange

by changingthe nanOfiberdiametersandto enhancethe dural）ility ofdevices by

usingotherdopantswithgreaterenvironmentalstability．
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CHAPTER6Summary and prospective brfuture

research　　　、

6．1Findings

Fibers，likepaperandplastic，areSOmeOfthe cheapestandmostwidelyused

flexiblesubstrates．Oneoftheirinteresting氏aturesisthattheycanbeweavedor

integratedinto yarns of di脆rent colors to fbrm alarge variety of complex，

two－dimensional（2D），Orthree－dimensional（3D）pattemS．Aside放omtheirmainuse

inclothing，rOPeS，Curtains，andotherdailyo句ects，fibersandtextileshaverecently

been considered as potential substrates fbrlow－COSt neXible electronics and

multifunctional fabrics，COmm0nly refbrred to as electrQnic丘bers（e－nbers）or

electronictextiles（e－teXtilesorsmarttextiles）・Therefbre，nbershaveotherfunctions

inadditiontothosebasedontheirintrinsicmaterialproperties．

Chapter2the dectrospinning process ofpolyVinyl alcohol（PVA）aqueous

SOlutionsfbrtwosamples（HSandFL）wascarriedout・FLpolutionsproduced

PanO丘bersin electrosplnnlng PrOCeSS，Whereas HS solutions showed poorer

electrosplnnlngPrOCeSSaCCOmPanyirigdropplngandelectrospraylng・Theanalysisof

thespinningsolutionpropertiesindicatedthattheelectricconductivityandviscosity

ofbothFLandHSsolutionsdemonstratedsimilarbehaviors．However，thesurface

tensionsofFLsolutionswereslightlydecreasedwhilethesur払cetensionpresented

U－ShapedcurveSfbrHSsolutionswiththeincreaseof．polymerCOnCentration・The

NMRspetraandDSCresultsimpliedthatHShadhigherdegreeofsaponification・

ThemetalelementanalysisresultsmeantthatHScontainedhighconcentrationsof

calciumandaluminumionswhileFLmuchless．Thedosageofcalciumchlorideinto

FL aqueous solutionsindicatedthat electrosplnnlng PrOCeSS WaS Significantly

aggravated・TheelectrosplnnlngPrOCeSSOfHSwassubstantiallyimprovedbothby

dialysis and complexation・It wasthe high degree ofsaponification andit was

intram01ecularcross－linkingandintermolecularcross－1inkingoccurredbetweenPVA

chainandthemetalionsthatcoinedtheabnormalbehaviorsinsurfacetensionand

thusdeterioratedelectrosplnnlngPrOCeSS・

Chapter3theproductionofsupernnepolyvinylalcohoIPV互）且berisusually

muchdifncultbyvslngtheroutinesplnnlng，WhereaselectrosplnnlnglS aViable
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techniquesincethemechanismoffiberfbrmationwasdifEbrent・Inthispaper，the

efEbctsofsolutionpropertiesintermsoftheresidualacetylgroupandhighvalence

metalionimpurityofPVAonelectrospinningwerecarefu11yinvestigated．Boththe

SOlutionviscosityandthe surface tension tendencies with、PVA concentration

indicatedthatthereexistedstrongphysico－Chemicalinteractionbesidesconcentration

andmolarmassfactors・NMRspectraandDSCthermOgraPhsindirectlyshowedthat

the devoid acetyl group ofPVAwould promote the physical gelation and the

fbmation ofhydrogen bonding andthe physical crosslinking occurred at high

SaPOnincationdegreesinthepresenceofhighvalencemetalionimpurity．Allthe

interactions aggravatedtheelectrosplnnlngPrOCeSS．Nevertheless，bothremovalof

highvalencemetalionimpurityandtheselectionofPVAwithlowsaponification

degreeswouldbealwaysaccessibleroutestoensurethePVAelectrosplnnlng．

Chapter4fu11yhydrolyzedPVAnanofibers were successfu11ypreparedbythe

electrosplnnlngmethodusingPVAaqueoussolutionsinthepresenceofaceticacid・

Acetic acidis avaporous additivetoreducethesurfacetensionandenhancethe

electronic conductivity of PVA aqueous solution．The a句ustment of solution

PrOPertiesofPVAaqueoussolutionsreSultedinthecontinuoussplnnlngOfunifbrm

nanOfibers．The concentration of acetic acid andthe molecularWeight ofPVA

StrOngly a飴cted the resultedmorphology ofPVAnan0且bers・The post－themal

treatmentofPVAnanofibersandthein－Situcross－1inkinggreatlyenhanCedthewater

resistanceofnan0斤bers．Especially，themorphologyofcross－linkedPVAnanOfibers

didnotchangeafterimmersingintohotwater．Furthermore，thetensilemechanical

PrOPerties of PIA nano頁ber nonwovens were significantly enhanCed via

CrOSS－1ihking・The decoration ofmagnetite nanoparticles onto the surface ofthe

CrOSS－1inkednanofiberswas demonstrated．Thenan0Bberswithmagnetiteshowed

thesamemorphologyastheparentnanoEbersandrevealedamagneticproperty．The

CrOSS－linkedPVAnanofiberscanopennewpossibilityfbrthecreationoffunctional

nanocompositematerialsbycombiningvariousnanOmaterials．

Chapter　5　described aflexible organic tactile sensor based on reversible

defbmation of high－mOlecular－Weight P3HT nano離ers within　the aligned

assemblies・ThesimplestruCtureCOmPOSedofalignedelectrospunnanOfiberscanbe

usedto developtactilesensorsfbrdetectipgsmallpressurechanges andbending

angles・WebelievethattheflexibledeYicesbasedonsimplenano且berassemblies

Can be used as ambient sensors to monitor activities by embeddingthemwithin
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clothesandinteriors．

Insummary，neWSi）eCialtiesofelectrospunnanOfibers；highabsorptioncapability

OfmetalionsandsenslngSmallpressureweredisclosed．Tbughcross－linkedPVA

‾nanofiberswhichcanmaintainnanonbrousmorphologyinhotwaterandplayasa

goodtemplatefbrnanOParticlesdepositionwassuccessfu11yachieved・Meanwhile，

flexibletadtilesensorbasedonalignedP3HTnanOfiberswassuccessfullyfhbricated．

Allthese results suggested thatthe smart nan0丘brous nonwovens fabricated by

electrospinninghavepotentialapplicationsfbrfuturetextilesanddevices・

6．2Prospectivefbrfutureresearch

Inthis thesis，the experimentalresults showed new specialties ofelectrospun

nanomers；high absorption capabilityof metalions to fbm nanOParticlesin

hydrothermal synthesisand smallpressure－SenSlng PrOPerties・These specialties

mightt）eOriginalRomthesmalldiameterOfnanOnberandcouldbea句ustedby

altering　the diameter・Based on　these，Smart nanOfibrous nonwovens via

electrosplnnlngWillopennewapplicationsoftextilesinthefuture・

Formystudy，thereareStillsomefbllow－uPeXPerimentsshouldbedoneinthe

鮎tiユre．

1．ExperimentalresultsindicatedthecrosslinkedPVAnanOfiberscanplayasagood

templatefbrdepositednanoparticles・Furthercharacterationsareessentialfbrclear

themechanismandthedistributionofdepositednanOParticles・

2．AlignedP3HT且bersshowedgoodsenslngPrOPertiesfbrtactilesensor・Addtional

efEbrtsshouldbecarriedoutfbrimprovingthecrystallinityanddopingmethodof

P3HTnan0貢bers．

3．E放）rtS Should be carried outto explore．newtechniques fbr electrosplnnnlng

spinneretstoincreasetheproductivityoftheconventionalsetqp・
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