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Segmental distributions ofblockcopolymer chams in lamellarmicrophase-separatedstructureand thoseof
homopolymersmblockcopolymer/homopolymerblendsalsowith lamellar structuresweresmdiedbyneutron
reneCtivitymeasurements. Itwasrevealedthatpolystyreneandpoly(2-vmylpylidme)lamellaewerealtematelystacked

withmthethinfilmsofpureblockcopolymersspm-coatedonsiliconwa企rs,andtheywerepreferentiallyoriented

alongthedirectionparallel tofilmsurface.Polystyrenelamellaappearedatairsurfacesofthefilms,whilepoly(2-
vmylpyridme)lamelladidonsiliconsuriaces.Segmentdistributionatlamellarmterfacewaswelldescribedbyanerror
fimction,andthewidthofthelamellarinterface,definedbyafilll-widthhalfmaxjmumvalueofinterfacialprofile､was

estmatedtobeabout4.5mn.SegmentsofblockchamsadjacenttothechemcaljunctionpomtsconnectmgdifYErent

blockchainswerestronglylocalizednearthelamellarinterfaces,whilethoseontheieeendsofblockchainswere
distlibutedalloverthelamellarmicrodomainswiththeirdismbutionmaximaatthecentersoflamellae.Ontheother

hand, itwasclarifiedthathomopolymersdissoIvedmthecorrespondinglamellarmcrodomainsofblockcopolymers
werealsodistlibutedthroughoutthemicrodomainswiUltheirconcentrationmaxmaatthecentersofthelamellae
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However, itwasfbundthathomopolymersdissolvedinthe

correspondinglamellarmicrodomainstendtobelocalized

at thecenters of the lamellaewith increasing their

molecularweights.''~'4)Further、 itmmedout thatchain
dimensionsofhomopolymers inlamellarmcrodomains

arealmostthesameasthoseofunperturbedchainswith

thesamemolecularweights,whilethedimensionsof

blockchainsarealmost thesameas thoseofthepure

blockcopolymers irrespectiveofQ, andMHofthe

blendedhomopolymers, at least along the direction

Paralleltolamellarinte,face.15-17)
Neutron reflectivity (NR) measurements are

particularlyusefillfbrstudiesoninterfacesandsurfaces

because theyhavehigh resolutionalong the depth

directionoffilmspecimens. It isdi伍cult toobtain

infiormationon interfacesbetweenpolymersbysmall-

anglex-rayscattering(SAXS)andSANSwiththesame

accuracyasNRmeasurement.Recently, homopolymer/

homopolymerintelfacesandlamellarinterfaceshavebeen

investigatedbyNRmeasurement.'8'19)The segmental
distribulionS at the lamellar interfaces of stVrene-

methylmethacrylate diblock copolymers were well

desclibedbyhyperbolictangentfimction,andtheenective
thicknessesoftheinte㎡aceswereestimatedtobeabout

50nm,whichwereconsistentwiththoseofhomopolymer
/homopolymerinterfaces.

In this study, segmental distributions of block

copolymerchainsinlamellarmicrodomainsandthoseof

llomopolymersindiblockcopolymer/homopolymerblends

with lamellar structureswere investigated byNR

1.1ntmduction

Ithasbeenwell-establishedmatdiblockcopolymers

composedoftwoincompatiblecomponentpolymersfbnn

variousmorphologiesofmcrophase-separatedstmctures:

spherical、 cylindrical, ordered-bicontinuous, and

alternatinglamellarstrucmres, inbulk,accordingtotheir
owncompositions.1･3)AlternaUnglamellarstrucmrehas
beensmdiedmostatthemolecularlevelbecauSeofthe

simplest geometly among microphase-separated

strucmres.Thesizesoftheirrepeatingstructuralunits

havebeenknowntobeproportionaltoabout2/3powerof

themolecularweightsofdiblockcopolymersbyboth

experimentalandtheoreticalsmdies.4･7)Itwasclarifiedby

small-angle neutron scattering (SANS) that Ule
dimensionsofblockchainsinlamellarmicrodomainsare

extendedalongthedirectionperpendicular tolamellar

inteIface,while theyare shrunkalong thedirection

parallel totheinterfaceinorder tokeeptheirvolumeS

unchanged.8,9)
Ontheotherhand,diblockcopolymer/homopolymer

blendsexhibitmorecomplicatedphasediagrams,where

macrophase separation of copolymer-rich and

homopolymer-rich phases coexists withmicrophase

separation.'0)Theirphasediagramsdependnotonlyon
thevolumefractionsofhomopolymers,Qi, intheblends

butalsoonthemolecularweightsofhomopolymers,MH.

Whenthemolecularweightsofblendedllomopolymers

aremuchlower thantllatoftllecorrespondingblock

chain, the block/homo blends exhibit microphase-

separatedstructuresexcept fbr inextremelyhighQI.
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measurements to understand microphase-separated
stmcturesatthemolecularlevel.

filmsurfilcegivenb)' qo=(47t/入)sine,where )L is the

wavelengthofneutrons.

Specular reflecUvitieswerecalculatedfifommodel

scatteringlengthdensity, bん, profIlesalongzdirection

peIpendicular tofilmsurfaceusingParrattIs recursion

algolfthm.23)Thisalgorithmisapplicabletomulti-layered
systemwithdistinct intelfaces, ofwhichbんprofile

changesstepwisely. Inrealityfilm/air, film/Si intelfaces,

andmicrodomain intelfaces have finite thicknesses,

where6/i'profileschangegradually.Suchinterfaceswere

approximatelyregardedasgroupsofverythinlayerswith

distinctinterfaces,sothattheir6んprofilesweredesCribed

bystepfimctionsinsteadofcontinuousfimctions:Also､ it

wasassumedthatphase-separatedstructuresfbrmedare

equilibriatedbyannealingprocedureand that same

stnlcmralunitsare repeated inthinfilms. Scattering
lengthdensities,6ん,ofpurecomponentsrelevanttothis

studyarelistedinThblell.

2.ExPerimentaISeCtiOn

Threetypesofsampleswereusedinthisstudy: (l)a

sO'rene-d8-2-vinylpyridine(DP)diblockcopolymer, (2)a

center-labeled styrene-h8-styrene-d8-2-vinylpyridine

(SDP) and an end-labeled styrene-d8-styrene-118-2-

vinylpyridine(DSP)blockcopolymers,and(3)ablendof

astyrene-h8-2-vinylpyridine(SP)diblockcopolymerand

theconstimenthomopolymers, poly(styrene-d8) (TUN)

andpoly(2-vinylpyridine)(VPK).All thepolymerswere

synthesized by an anionic polymerizationmethod.

Molecularcharacteristicsofallthepolymersarelistedin

'Ihblel.Asfbrthesampleoftype(3),boththeconstituent

homopolymers, TUNandVPK, withalmOst equal

molecularweights,wereaddedtoSPdiblockcopolymerat

thevolumefractionofeachcomponenthomopolymerin

thecorrespondinglamellarmicrodomain, H,of0.33． 1t

wasconfirmedbySAXS thatall thesamplesexhibit

lamellarstrucmresinthickfilmspecimens,about0.2mm

inthickness,preparedbysolvent-casting.

Table11. CoherentScattenngLengthDensities,6ん，
ofPureComponents

6ん×104(nm-2)Component

Poly(styrene-h8)

Poly(styrene-d8)

Poly(2-vinylpyridine)

SiO2

Si

１
７
－
３
８
９

４
４
９
４
０

１
６
１
３
２

Tablel.MolecularCharacteristicsof Polvmers

Type SampleCode Mn×10-3a Qb
DP-77 0.50(1) 92-75

５
２

口
一

Ｐ
Ｐ

Ｄ
Ｓ
Ｓ
Ｄ

(2) １
７

５
５

０
０

２
５

４
４

－
－

７
７

１
３

－
写

０
７

３
１

3.ResultsandDiscussion

InFigurelrenectivityprofileofDP-77asahmction

ofqo is shown. Themeasured renectivityprofile,

representedbyopencircles, exhibitsBraggispeakswith
high-order, indicatingthatphase-separatedstructure is
highlyorderedalongthedirectionperpendiculartothe
filmsurface. The solid line is thebeSt calculated

renectivityfromscattenng lengthdensity, bん, profile
alongzdireclionas shown in inset, wherez=0

correspondstotheairsurfaceofthefilm.Fromthe6ん

profile, itwasfbundthatpol)･styrene(D) lamellaewith

6/i'valueof6．2×104nm~2andpoly(2-vinylpyridine)(P)

lamellaewith6ん=1.9×10~4nm-zarealtematelystacked
throughthefilm,andthattheyarehiglllyorientedparallel
tothefilmsurface. Itslamellardomainspacingevaluated,
69nm, isconsistentwithtllat evaluatedfromSAXS

measurement fbrthethickfilmspecimenpreparedby
solvent-caSting・ Further, the ratioofthe thicknessof

polystyrenelamellatotllelamellardomainspacingwell
agreeswiththevolumefractionofstyreneblockchain,

①s,determinedbyelementalanalysis. Atairsulfaceof

the film, Dlamellawhose lhickness is halfofthe

correspondinglamellainsidethefilmappearedbecauseof
its lowersurflceenergyascomparedwithRwhileon
siliconsurfacePlamellawhosethickness ishalfofthe

corresponding lamellaappearedbecauseofitsaHinity
withsiliconoxide, SiO2, coveringsiliconsurface. A

SiOzlayerwiththicknessofaboutl.3nmwasobservedas

asharppeakontherightoftlleb/i'profile.The6んprOfile
at the interfIcebetweenDandPlamellaewaswell

describedbyanerrorimction,

(3) SP-34

TUN-02

VPK-18

53-66

48

57

0.51

ユ Mnisnumber-averagedmolecularweightdeterminedby
membraneosmometIy・ Bold-ficed6guresstandfbr
molecularweightofdeuterium- labeledpart,poly(styrene.
d8), insample.bQisvolumeffactionofstyreneblockchain
determinedbVelementalanalvsis.

〃

One-sidepolishedsiliconwaferswereinunersedintoa

strongacidbath,amixmreofhydrogenperoxide(30%)
andconc. sulfilricacidat theratioof3:7, toremove

impurities on the silicon sulfaces, and thenwere

thoroughlyrinsedwithdeionizedwateranddriedby
blowinganinertgas.Aiierthiscleaningprocedure, the
siliconwaferswereimmediatelyusedfbrpreparationof
filmspecimenS.

ThinfilmsfbrNRmeasurementwerespin-coatedon
thecleanedsiliconwafiersfiomabout2wt%ofpolymer
solutionsintolueneorp-dioxaneatrotationspeedof2.0

or2.3×103 1pm, andthenwereannealedat l50｡Cin
vacuumfbrat least3days.Thicknessesofall thefilms

thuspreparedweredeterminedtobeinbetweenlOOnm

and250nmbyx-rayrenectivitymeasurements.

NRmeasurementswereperfonnedonthreediHerent
renectometers:BT-7andNG-7renectometersatNIST;
andC3-1-2renectometeratJAERI・Pelfbrmanceofeach

renectometerhasbeendescribedindetailelsewhere20-22)

Inthisstudyspecularrenections,wheretheincidentangle
ofneutronsirradiatedtofilmsurface,ein,andtherenected

angle, e｡u,, areequal,wereobsen'edasafilnctionof

momentumtransferofneutronsinair,qo,perpendicularto
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andtheinterflcialwidth,definedbyafilll-widthllalf

maximumvalueofinterfacialprofile､wasestimatedtobe
about4.5nm.

InFigureS2and3renectivityprofilesoftwokindsof

partially-labeledblockcopolymers, SDP-SandDSP-2,

respectively, areshown・ SDP-5exhibitsstrongBragg's
peakswithvelyhigh-orderinitsrenectivityprofile,while

DSP-2exhibitsweakerpeaksthanSDP-5.This implies
thatstyrene-d8(D)segmentsofSDP-5aremorestrongly

localizedinlamellarstmcture,whichisorderedalongthe

directionperpendiculartoUlefIlmsurface, thanthoseof

DSP-2. IntherenectivityprofileofDSP-2oscillationwith

highfrequency,whichisrelatedtototal filmthickIless,

wasobservedintheqoregionabove0.5nm~1.Intheinset
ofeaChfigure, 6/1ノ profIle fbr thebest-fIt calculated

renectivityprofile is shown. Itwasassumedthat the

widthsofintelfacesbetweenpolystyreneandpoly(2-

vinylpyridine) lamellae fbr panially-labeled block

copolymersarethesameasthatofDP-77, i.e.,about4.5

nm. InbothcasesSiO2 1ayers"ththicknessesofabout

1.5nmwerealsoobservedonthesurfaceofSiwafer.Both

blockcopolymers fbnned lamellar structures oriented

paralleltothefilmsurfaces,althoughairsurfacesoftheir

filmswereconsiderablyrough. The lamellardomain
spacingsofSDP-5andDSP-2,evaluatedtobe43and47

nm,respectively,areconsistentwiththoseevaluatedfrom

SAXSfbrtheirthickfilmspreparedbysolvent-casting.
Furthel; theratiosoflamellarthicknessfbrbothblock

copolymerswellagreewiththeirownqvalues. SDP-5

exhibitedshalptwinpeakswitlleachpeakpositionnear

lamellarinterface,whileDSP-2exhibitedbroadpeaksat
the centersofpolystyrenelamellae.Thepeakb/Vvalues

ofSDP-5, 4.0× 10~4nm.2,werehigher thanthoseof

DSP-2,3．3× 104nm~2;neverthelesstwopolymershave
almostequalDcontents.Howcver, itshouldbenotedthat

theywerestill lowerthanb/vvalueofpurepoly(sO'rene-
d8),6.5x104nm-2.

Partially-labeledblockcopolymers,SDP-5andDSP-2、

arecomposedofthreecomponents:S,D,andPSegments,
andtheirlamellarmcrodomainsareorientedparallel to
thefilmsuIfaces.Therefbre, the6/i'profilesintheirthin
films,asshownintheinsetsofFigures2and3,are
writtenasthefbllowing
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Fig. 1. ReflectivityprofileofDIZ77asahlnctionof90.
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z(nm） where(6ん)iand"(z)areb4valueandvolumefractionof

pure/component,respectively.',(z)'sineachcomponent

lamellawerederivedfromtheaboveequationsassuming
that4=0inpolystyrenelamellae,wllile*+"=0in

poly(2-vinylpyridine) lamellae.Atthelamellarinterfaces

bothSegment distributions ofstyrene (S+D) and2-
vinylpyridine(P)weredescribedbyerrorimctionswith
fUll-widthhalfmaximumvaluesof4.5nm.Theresults

fbrSDP-5andDSP-2areshowninFigures4and5,
respectively.Solidandbrokenlinesinthefigures

0．0 0．2 0．4 0，6 0．8
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Fig. 3. RcHectivityandthebestb/i'pro61esofanend.
labeledblockcopolymer,DSP-2.
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representUlevolumefractionprofiles,4(2),ofDandP

segments, respectively.Fromthe"(z)profile, shownin

Figure4, itwasfbundUlattllesegmentsadjacent tothe
chemical junctionpointsbetweentwodiHerent block
chainsarestrongly localizednear lamellar interfaces,
sincethosechemiCaljunctionpointsareconstrainedatthe

lamellarinterfaces.Ontheotherhand,FigureSindicates

that thesegmentsat thefreeendsofblockchainsare

dismbutedthroughoutpolystyrene lamellaewiththeir
distril ,ltionmaximaat thecentersoflamellae. These

broadmaximainthem(z)profileresultfromoverlapof

blockchainsemittedfromoppositelamellarinterfacesas

scllematicallyshowninFigure6,whereend-distributions
ofbothblockchainsshouldbesymmetrical totlleccnter
oflamellarmicrodomain.

Figure 7 shows renectivityprofile ofadiblock

copolymer/homopolymerblend,SP-34/TUN-02/VPK-18,

「
0．6 0，8

qo(nm')
1.0 1‘2 1．40．40．0 0．2

Fig.7.RenectivityandthebestbA'pro61esofadiblock
copolyme〃homopolymerblend,SP-34/TUN-02/VPKF18,at

thevolumefractionofeachhomopolymer, H,of0.33.The

molecularweightratioofhomopolymertothe
correspondingblockchainis0.83.

atthevolumefractionofeacllllomopolymermH,of0.33

Thebestbんprofile,shownininset, indicatesmaximaat

thecentersofpolystyrenelamellaewiththeirpeakb/V

valuesof3.7×10~4nm~2,whicharemuchlowerthanthat

ofpureDsegment、6.5x104mn-2.However、attentlon
shouldbepaidtothefactthattheheightsofthepeaksof

homopolymersdissolvedinlamellarmicrodomainsare

higllerthanthoseofblockpolymersonchainends.
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