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TheorientationoftheS1r S0ð,ð*transitiondipolemomentsofoxonine(Ox+),pyronine(Py+),andPOPOP
(5,5¢-diphenyl-2,2¢-p-phenylenebis(oxazole))inthechannelsofzeoliteLcrystalswas investigatedbymeans
offluorescencemicroscopyandsingle-crystalimaging.Qualitativeobservations ledtotheresultthatthe
transitionmomentofPOPOPisalignedalongthec-axisofthehexagonalcrystals whereas thefluorescence
ofOx+andPy+isnot.MoredetailedinvestigationsonOx+showedacone-shapeddistributionofthetransition
moments withahalf-coneangleof72°.Theorientationofthetransitiondipolemomentforallofthese
moleculesisparalleltothemolecules'longaxis.Wefoundbymeansofspace-fillingargumentsthatPOPOP,
thevanderWaals lengthofwhichisabout21�,canonlybealignedalongthechannelaxis.This is infull
agreementwiththeobservedfluorescenceanisotropy.ForOx+andPy+,geometricalargumentsbasedonthe
zeoliteLstructuregiveroomforonlytwopossiblearrangements ofthemolecules' longaxis:ahalfcone
angleofupto40°forOx+andupto30°forPy+,andanangleofabout90°forbothofthemwithrespect
tothec-axisofzeoliteL.Thesurprisingdiscrepancybetweengeometricalconsiderationsandtheresults of
thefluorescencemeasurementscanbeexplainedbyassumingthatOx+andPy+areexposedtoaconsiderable
anisotropicelectricalfieldinthezeolitechannels.

1.Introduction

Dyes athighconcentration havethetendencytoform
aggregates.Suchaggregatesshow veryfastradiationlessdecay
ofelectronicexcitationinmostcases.Theirformationcanbe
preventedbyfencingthedyes insideamicroporous material
andbychoosingconditionswherethevolumeofthecagesand
channelsallows theuptakeofmonomers only.Ourinvestiga-
tions havebeenconcentratedonzeoliteLasahost.1,2Zeolite
Lconsistsoflinearchannelsrunningthroughthecrystal.Neutral
as wellas cationicdyes canbeinsertedintothesechannels.
Synthesisproceduresforcontrollingthemorphologyofzeolite
Lcrystals inthesizeregimefrom20nmtoabout3ímare
available.3-6 Weshow in Figure1anelectronmicroscopy
pictureofzeoliteL.A sideview andaspace-fillingtopview
ofthezeoliteLframeworkareillustratedinFigure2.The
primitivevectorccorresponds tothechannelaxis whilethe
primitivevectorsaandbareperpendiculartoit,enclosingan
angleof120°.7-10

Wedistinguishbetweenthreetypes ofdyemolecules that
canbeinsertedintothechannels ofzeoliteL.(i)Molecules
thataresmallenoughtofitintoaunitcell.Exampleswehave
investigatedsofararebiphenyl,4-hydroxy-TEMPO,9-fluo-
renone,andmethylviologen(MV2+).Structuraldetails ofthe
latterareknownbasedonvibrationalspectroscopy,Rietveld
refinementofX-raydata,andmolecularmodeling.11(ii)
Moleculesthesizeofwhichmakesithardtoguesstheirposition
andorientationinthechannel.Oxonine,pyronine,andthionine
aremolecules ofthis type.1,2,12,13(iii)Molecules whichareso

largethattheyhaVenootherchoicebuttoalignalongthe
c-axis.Manyexamplesfitintothiscategory.Thelight-sensitive
diphenylhexatriene(DPH)is oneofthem,whichhas been
studiedbyus recently.14Itis dramaticallystabilizedwhen
insertedintozeoliteL,becausethereis notsufficientspace
availablefortranstocisisomerization.Anexampleinvestigated
hereis theso-calledPOPOP.Whileformolecules oftype(i)
notonlytranslationalbutalsolarge-amplitudemodes canbe
activated,thelatterareseverelyrestrictedformoleculesoftype
(ii)and(iii).Thishasconsequences ontheirstabilityandalso
ontheirluminescencequantumyield.Insomecasesadramatic
increaseinstabilityisobserved,becauselargereactivemolecules
oranions suchashypochloritecannotentertheanioniczeolite
framework.1,15
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Figure1.ElectronmicroscopypictureofazeoliteLsampleconsisting
of2-3ímlongcrystals.
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Informationabouttheorientationofthedyemoleculesinside
thenanochannelsofthezeolitecrystalsishighlydesirable.1,16,17
Powerfulmethods suchasX-rayandNMRareonlyaccessible
toarestrictednumberoffavorablecases,mainlybecauseof
theirstilllimitedsensitivity.Amongtheopticalmethods,
fluorescencemicroscopyis themostsensitive.Wepresent
luminescencedataontype(iii)dyes thatareeasytointerpret
andon type(ii)dyes,wherelimits ofcurrentlyavailable
techniques willbestressed.Wefirstexplain somesimple
geometricalconceptsandillustrateinformationthatisaccessible
bystandardopticalmicroscopytechniques.Wenextpresent
results obtainedbypolarizationdependentimagingofsingle
oxonineloadedzeoliteLcrystals.Geometricalspace-filling
arguments illustratingtheproblemsencounteredwithtype(ii)
moleculesandtheconsequencesofourresultsarediscussedin
subsequentsections.

2.General

Thegeometricalconstraints imposedbythehostdetermine
theorganizationofthedyes whichcanberealized.Themain
channels ofzeoliteLconsistofunitcells withalengthof7.5
�inthec-direction,as illustratedinFigure2.Theunitcells
arejoinedbyshared12-memberedringwindowshavingafree
diameterof7.1-7.8�.Thelargestfreediameterisabout12.6
�,dependingonthechargecompensatingcations.7,18,19Itlies
midwaybetweenthe12-memberedrings.Thelengths ofthe
primitivevectorsaandbis18.4�.A zeoliteLcrystalof500
nmdiameterand375 nm lengthgives risetoabout67000
parallelchannels eachofwhichconsists of500unitcells,as
anexample.Thedyemolecules arepositionedatsites along
thechannels.Thelengthofasiteisequaltoanumberstimes
thelengthofc,sothatonedyemoleculefits intoonesite.As
anexample,adyeof1.5nmlengthrequirestwoprimitiveunit
cellsinzeoliteL,andhencesisequalto2.Onlydyemolecules
withalargeelectronictransitionmomentíS1rS0areconsidered
inthisaccount.ThismeansthattheS1r S0transitionisofð*
r ðtype.Inhomogeneouslyloadedsamples,equivalentsites

havethesameprobabilityptobeoccupiedbyadyemolecule.
Theoccupationprobabilitypisequaltotheratiobetweenthe
occupiedandthetotalnumberofequivalentsites.This means
thatprelies ongeometrical(spacefilling)reasoning.Each
equivalentsiteofagivencrystalhas thesameprobabilityof
beingoccupiedbyanelectronicallyexcitedmolecule,im-
mediatelyafterirradiationwithashortpulse.
Thedyemoleculesdiscussedinthis studyareshowninFigure

3.WeusetheabbreviationsOx+andPy+inordertodistinguish
thesecationicdyes fromtheneutralPOPOP.Thespectraof
thedyesareslightlydifferentinsolutionandinthezeolite.It
isinterestingtoobservethatthespectraofthetwocationicdyes
aremorestructuredwhentheyareinsidethechannels while
this is reversefortheneutralPOPOP.Alldyezeolitesamples
show verybrightluminescence.

3.QualitativeObservations

Wereportsomequalitativeobservations,madebymeansof
astandardopticalmicroscopeequippedwithpolarizersandan
appropriatesetoffilters.A sideview ofazeoliteLcrystalof
about1.5ímisillustratedinFigure4.Wealsoshow theprocess
ofinsertionofPy+andinasecondstepOx+intothechannels,
outofanaqueous suspensionofzeoliteLcrystals containing
dissolvedPy+andOx+,respectively.ThezeoliteLsamples
2-4wereexcitedwithlightof470-490nmwhereonlyPy+
absorbs.Insample2weseehow Py+penetrates thecylinder
frombothsides inthedirectionofthecylinderaxis.Afteran
exchangeof5minunderrefluxthecrystalends show thetypical
greenfluorescenceofPy+,whilethesectioninthemiddle
remains dark.Thefluorescenceis seenoverthewholecrystal
after2hexchange,sample3.Thedyemoleculeshavemoved
towardthecenternow,butthefluorescenceattheendsappears
stilltobemoreintense.Theresultafteradditionalexchange
withOx+for2his illustratedinsamples 4and5.Itleads to
crystalswhichshow thegreenfluorescenceofPy+inthecenter
andthefluorescenceofOx+atbothends.Theyellow color
seeninsample4isduetothemixingofthegreenPy+andthe

Figure2.FrameworkofzeoliteL.(Left)topview,perpendiculartothec-axis,displayedas stickandas vanderWaals representationwithan
oxonineenteringthezeolitechannel.(Right)Sideview ofachannelalongthec-axis,withoutbridgingoxygenatoms,andstructureofOx+(top),
Py+(middle),POPOP(bottom)withatomtoatomdistances andthecoordinatesystem.
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redOx+fluorescence.Ox+was notexciteddirectly,butvia
energytransferfrom excitedPy+molecules.Afterspecific
excitationofOx+at545-580nm,picture5,onlythered
fluorescenceatbothends is visiblewhilethemiddlepartof
thezeoliteLcrystalremainsdark.Thisdemonstratesnicelythat
astackingofPy+inthemiddleandOx+atbothends ofthe
cylinders is achieved.Italsoillustrates thatthefirstinserted
Py+does notleavethezeoliteuponexchangewithOx+and
thatinsidethechannels thedyesdonotglidepasteachother.
This observationwhichwehavereportedforthefirsttimein
ref20wasakeystepintheinventionoftheartificialantenna
systems forlightcollectionandtransport.1,14,21
On thebasis ofspace-fillinggeometricalarguments,we
assumedinfirstreports onthis systemthatPy+andOx+are
alignedalongthechannelaxes ofzeoliteL.20,22Moredetailed
investigations onbettermaterialandwithmoresophisticated
techniques leadtotheconclusionthatPy+andOx+belongto
thetype(ii)molecules forwhichthesituation is more
complicated,1,2 as indicatedbythefollowingresults.The
luminescenceofabout2ímlongcrystals,loadedwithPy+in

themiddleregionandafew Ox+atbothends,uponlinearly
polarizedexcitationandnonpolarizedobservation,isillustrated
inFigure5.Thedifferencebetweenthethreepictures1-3and
4-6arethefiltersusedfortheexcitationandfortheobservation
oftheemission.1shows thegreenfluorescenceofPy+after

Figure3.Dyemolecules investigatedandtheirelectronicabsorptionandfluorescencespectra.Fromtoptobottom:oxonine(Ox+),pyronine
(Py+),and5,5¢-diphenyl-2,2¢-p-phenylenebis(oxazole)(POPOP).(Left)AbsorptionandfluorescencespectraofPOPOP(in1-butanol,ìex) 360
nm),Py+(inwaterìex)460nm),andOx+(inwaterìex) 560nm).(Right)Excitationandfluorescencespectraofthesamedyes inzeoliteL:
POPOP(ìem)460nm,ìex)340nm),Py+(ìem) 560nm,ìex)460nm),andOx+(ìem) 640nm,ìex) 560).

Figure4.(1)ElectronmicroscopypictureofazeoliteLcrystalwith
alengthofabout1.5ím.(2-5)Truecolorfluorescencemicroscopy
pictures ofdye-loadedzeoliteLcrystals.(2-4)Fluorescenceafter
excitationofonlyPy+:(2)After5 minexchangewithPy+,(3)after
2hexchangewithPy+,and(4)afteradditional2hexchangewith
Ox+.(5)Thesameas(4)butafterspecificexcitationofonlyOx+.20

Figure5.TruecolorfluorescencemicroscopicpicturesofPy+-loaded
andOx+-modifiedzeoliteLcrystalsofabout2ímlength.Allpictures
show thesamecrystals.(1-3)Excitationat470-490nm.(4-6)
Excitationat545-580nm.(1)and(4)show fluorescenceexcitedwith
nonpolarizedlightwhiletheotherpictures show fluorescenceafter
excitationwithlinearlypolarizedlightandnonpolarizedobservation.
Thearrows indicatethepolarizationdirectionoftheexcitation.
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unpolarizedexcitationat470-490nm.Theendsofthecrystals
appearyellow forthesamereasonasexplainedforpicture4of
Figure4.ThePy+fluorescenceafterexcitationwithparallel
polarizedlight(T)is seenin2.(T)means thattheexcitation
was polarizedparalleltothebottomedgeofthepictures and
(verticalarrow)means perpendiculartoit.ZeoliteLcrystals
perpendiculartothepolarizationoftheexcitinglight(T)show
intensefluorescence,whilethosecrystals paralleltoitshow
onlyweakemission.Afterexcitation withperpendicularly
polarizedlight(verticalarrow)thereverseisobserved,picture
3.Thegreenandtheyellow emissionshow thesamebehavior.
This means thatexcitedPy+andOx+emitlightwithap-
proximatelythesamepolarization.Thisisfurthersupportedby
theOx+fluorescenceafterspecificexcitationat545-580nm,
asillustratedin4-6.Similarobservationsaremadewhenthe
crystals areexcitedwithnonpolarizedlightupon polarized
observation.
WeexpectthatPOPOPshouldbelongtothetype(iii)
molecules,becauseitis significantlylongerthantwounitcells
ofzeoliteL,as illustratedinFigure2.Theresults reportedin
Figure6,obtainedonzeoliteLcrystals ofabout2ímlength,
dosupportthis.Weshow theluminescentbehavioroftwo
selectedcrystals,whichwerefilledin themiddlepartby
POPOP,andatbothendswithathinlayerofPy+.Thelatteris
visibleinpicture1,wherePy+is excitedselectivelyat470-
490nm.ThecharacteristicgreenfluorescenceofthePy+located
atbothendsofthecrystalsisobserved.Thethreeotherpictures
show mainlytheluminescenceofPOPOP:(2)Excitationat
330-385 nm;thePOPOPfluorescenceis strong,becauseof
its muchlargerconcentration,sothatthegreenPy+emission
cannotbedistinguished.(3and4)Thesameas2butobserved
bymeans ofapolarizer,thedirectionofwhichis indicatedin
thesamemannerasinFigure5.Theresultisobvious:strong
POPOPemission indirectionofthec-axis,weakemission
perpendiculartoit.Theweakemissionatbothends ofthe
crystals inpictures 3(upper)and4(lower)areduetothePy+
emission,whichis approximatelyperpendiculartothatofthe

POPOP.Itsappearanceis duetoenergytransferfromexcited
POPOPandalsotosomedirectabsorptionoflightbyPy+.

4.ImagingofSingleOx+-LoadedZeoliteLCrystals

Theintensityofthelightemittedfromsinglecrystalliteswas
measuredbymeansofaconfocallaserscanningmicroscopein
dependenceuponthealignmentofananalyzer,inorderto
quantitativelydeterminethepolarizationofthefluorescence
fromOx+-loadedzeoliteLcrystals.Thezeolites withanOx+
loadingofpOx)0.0006werefoundtobearbitrarilyoriented
onaglass surface.Theywereexcitedusing532nmlaserlight.
Instep1,theexcitationlightwas circularlypolarized,andin
step 2,linearlypolarizedin twomutuallyperpendicular
polarizationdirections.Theintensityofthefluorescencewas
detectedusinganavalanchephotodiode.A rotatableanalyzer
whosealignmentcanbeadjustedfrom0°to180°in10°steps
was placedintheopticaldetectionpath.
A qualitativeoverview ofthefluorescenceanisotropyof

singlecrystallitescanbeobtainedbyafalsecolorimage,which
shows thepolarizationdirectionandtheintensityatthethree
differentexcitation polarizations.Thetwolinearexcitation
polarizationsarechosensuchthattheylieparallelandperpen-
diculartothefluorescenceimagebaseline.Theyareindicated
byredandgreenarrows inFigure7.Thecolors inthefinal
imageresultbyaddingupthecolorsusedtorepresentthefluor-
escenceintensityatananalyzersettingof0°(red)andthecorre-
spondingimageusingananalyzersettingof90°(green).Note:
Thecolorsdonotreflectthewavelengthsoftheemittedlight.
A scanningelectronmicrographis addedtocorrelatethe

orientationofthezeolitesandthepolarizationbehavior.Crystal-
liteswhoselengthaxisisorientedperpendiculartothebaseline
appearred,asincrystal1.Thismeansthatthepolarizationdirec-
tioninwhichthemaximumfluorescenceintensityis emitted
lies paralleltothebaselineandconsequentlyperpendicularto
thecrystalaxis.Green-coloredzeolitesareorientedparallelto
thebaselineandemitlightthatispredominantlyperpendicularly
polarized.Crystallites thatareorientedparalleltooneofthe
imagediagonals arerepresentedinyellow,as withcrystal2.
Thus,themaximumfluorescenceintensityliesatapolarization
directionofroughlyeither45°or135°.Thesetwoscenarios
cannotbedifferentiatedinthisexperiment.Moreover,thereare
singlezeolites,suchas crystal3,whichstandononeofthe
twohexagonalendfaces.Theyappearcircularintheoptical
imagesandemitintensefluorescence.Sincetheirfluorescence
intensityis thesameregardless ofwhethertheanalyzeris set
at0°or90°,theylikewiseappearyellow intheimage.
Whencomparingthefluorescenceimagesobtainedfromthe

twolinearexcitationpolarizationswiththefluorescenceimage
ofthecircularexcitation,itis noticeablethatthecolorvalues
depictingthesinglecrystallites remainthesame,whereas the
intensities varyconsiderably.Duetothefactthatthecolors
symbolizethepolarizationdirectioninwhichthemaximum
fluorescenceintensityisemitted,itisobviousthatthepolariza-
tionofthefluorescencedoes notvaryduringthedifferent
excitations.Crystallites thataredepictedredfluorescemost
stronglyataparallelexcitationandweaklyataperpendicular
excitation.Itisexactlytheinverseforcrystallitesdepictedgreen.
Theintensityofcircularexcitationlies somewherebetweenthe
valuesforthetwolinearexcitations.Crystallitesthataredepicted
yellow appearinallthreeimageswithnearlythesameintensity.
Crystal2 fluoresces atperpendicularexcitation somewhat
strongerthanatparallelexcitation.Thisindicatesthattheangle
between thebaselineandthecrystalaxis ofcrystal2 is
somewhatsmallerthan45°,whichcanalsobeseenonthe

Figure6.Truecolormicroscopypictures ofPy+,POPOP-zeoliteL
madeoncrystals ofabout2ímlength.(1)SpecificexcitationofPy+
at470-490nm.(2)Excitationat330-385 nm.(3and4)show the
sameas(2)butafterobservationwithapolarizerthedirectionofwhich
is indicatedbythearrows.
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electronmicrograph.Crystal3 presents anexceptiontothe
fluorescencebehaviordescribedbefore.Theintensityofthe
emittedlightappears tobenearlythesameforallthree
excitationpolarizations.However,thecolorforparallelexcita-
tionis slightlyshiftedtowardred,whereas atperpendicular
excitationitisshiftedtowardgreen.Thus,apolarizationappears
thatis notobservedbycircularexcitation.
A moreprecisedescriptionresultsfromadetailedpolarization
analysis ofthefluorescenceofsinglecrystallites.InFigure8
(upperrow),themeasuredfluorescenceintensities ofthe
representativecrystals1,2,and3areportrayedindependence
upon theanalyzersettingatthethreedifferentexcitation
polarizations.Thelyingcrystals1and2show intensitymaxima
andminimaatalltypes ofexcitation.
Thedatashowsthatcrystals,whichlienearlyparalleltoone
ofthetwolinearexcitationdirections,suchascrystal1,have
comparabletraces atcircularandlinearexcitations.Inthese
casesthemaximaandminimaofthethreecurveslieatroughly
thesameanalyzersetting,but,theintensitiesdiffersubstantially.
Atlinearexcitationperpendiculartothecrystalaxis,i.e.,for
crystal1paralleltothebaselineoftheimage,themaximum
fluorescenceintensityisapproximatelyafactorof4largerthan
thatatlinearexcitationinthedirectionofthecrystalaxis.For
crystal2,whichis orientedatanangleofabout30°tothe
baseline,themaximumintensities ofthetwolinearexcitation
polarizationsdifferonlybyafactorof2.Incontrasttocrystal
1,themaximaandminimaforlinearexcitationarenolonger

foundatthesameanalyzerangle,as withcircularexcitation.
Rather,theyareshiftedbyapproximately+10°and-10°.For
bothlyingcrystals,theintensityatcircularexcitationcorre-
spondstoanaverageoftheintensitiesatthetwoperpendicular
linearexcitations.Thepolarizationdirections in whichthe
maximumfluorescenceis emittedatcircularexcitationliein
bothcases exactlyperpendiculartothecrystalaxis.Forthe
standingcrystal3,theintensitytracesforthedifferentexcitation
polarizationsshow acompletelydifferentbehavior.Theintensity
atcircularexcitationis forthemostpartconstant.Thus,the
fluorescenceismostlikelycompletelyunpolarized.Furthermore,
forlinearlypolarizedexcitationthemaximumfluorescencein-
tensityisemittedparalleltotheexcitationdirectionineachcase.
Thegoalofthefollowingconsiderations is tofindan

orientationdistribution,whichcanbefittedconsistentlytoall
polarizationdatainthis section.Suchaglobalpolarization
analysisleavesnotmuchroomforvariouspossibleorientation
distributions.Arguments ifandhow thedyemolecules can
indeedassumetheproposedorientationsinthezeoliteLcavities
arelefttosection7.Theexperimentaldataobtainedfrom
crystals standingononeoftheirhexagonalendfaces,suchas
crystal3,suggestthatthetransition moments ofthedye
molecules arefannedoutinaradialfashionperpendicularto
thecrystalaxis.Furthermore,the6-foldsymmetryofthecrystal
endfaceleadsus toassumealso6-foldsymmetryintheradial
distribution.Consideringthelyingcrystals,as forexample1
and2,wenotethattheradialdistributionaroundthecrystal

Figure7.(a,c,d)Falsecolorimages whichshow thepolarizationandintensityofthefluorescenceofOx+-loadedzeoliteLcrystals forlinearly
polarizedexcitationinthedirectionofthearrow andforcircularlypolarizedexcitation(circle).(b)Scanningelectronmicrographofthesample.
Theimagecolors donotcorrespondtothewavelengthofthefluorescencelight.Rather,theycorrelatetothepolarizationdirectioninwhichthe
maximumfluorescenceis emitted(seecolortableattherightside).
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axismustformadoubleconewitharatherlargeopeninghalf-
angleRwithrespecttothecrystalaxis(seeFigure9)inorder
togeneratethelargepolarizationcomponentperpendicularto
thecrystalaxis.Ifwewouldonlyconsiderthedatafromthe
standingcrystals therecouldin principlealsoexistother
orientationdistributions.However,wefoundnootherscenario,
whichcanbefittedreasonablyatthesametimetoalldata.
Assumingthedistributionofthetransitionmomentsproposed
above,therelativefluorescenceintensitiesforlyingandstanding
crystallites fordifferentexcitationpolarizations canbecalcu-
lated.Forthesystemdepicted,themodelassumes thataplane
waveinthedirectionoftheopticalaxis ofthesystemis used
toilluminatethezeolitesandthatthefluorescenceis detected
likewiseinthedirectionoftheopticalaxis.Furthermore,the
influenceofthebackgroundsignalduetoimpuritiesaswellas
thebirefringenceofthezeolitesisnotincludedinthecalculation.
Theseinfluencesarenegligiblewithrespecttotheuncertainties
ofthemeasurement.Thebackgroundsignalisunpolarizedonly
forcircularexcitation;forlinearexcitation,thepolarizationof

thebackgroundsignalis inthedirectionofpolarizationofthe
excitinglight.Usingthis,therelativefluorescenceintensities
can beobtainedbyaddingtheintensities emittedbyOx+
moleculeswithtransitionmoments inthesixpossibleorienta-
tions.
Theparameters usedtocalculatean equation forthe

fluorescenceintensityofalyingcrystalarepicturedinFigure
9b,inwhichtheprojectionofone-halfofthedoubleconewith
ahalf-coneangleofRis shown.Thearrow ofthelengtha
symbolizes onepossibleorientationofthetransitionmoment
onthesurfaceofthedoublecone.Theorientationoftheanalyzer
withrespecttothebaselinexis measuredbytheangle.In
ordertokeepthecalculationsimpleatthismoment,weconsider
asituationwherethecrystalaxis is orientedperpendicularto
thebaseline.Thevalueofaisproportionaltothelengthofthe
projectionofthetransitionmomentintothex,y-plane.Theangle
ædescribes therotationaroundthecrystalaxis,andâsymbol-
izestheanglebetweenanalyzerandtransitionmomentorienta-
tion.Ifthemoleculeis excitedwithcircularlypolarizedlight

Figure8.(Upper)Measuredfluorescenceforcrystals 1,2and3atcircularlyandlinearlypolarizedexcitation,dependentupontheanalyzer
transmissiondirection.Thesolidlines show theintensityfunction(eq1)forcircularexcitationfittedtotheexperimentaldata.(Lower)Intensity
functions calculatedusingahalf-coneangleofR)72°(seeFigure9)atcircularandlinearexcitationforcrystals1,2,and3.

Figure9.Schematicrepresentationofthesixpossibleorientationsofthemolecules'transitiondipolemomentonthesurfaceofadoubleconeand
parameters forcalculation:(a,b)foralyingcrystal,(c)forastandingcrystal.

30 J.Phys.Chem.B,Vol.105,No.1,2001 Megelskietal.



inthex,y-planetheexcitationrateisproportionaltojaj2,likewise
thefluorescenceratedetectedalongtheanalyzeraxis isjaj2
cos2â.Takingexcitationandemissiontogether,thefluorescence
rateforthis particulargeometryis proportionaltojaj4cos2â.
Theoverallintensityofonecrystalresults fromsummingup
theemittedintensitiesofmoleculeswithtransitionmomentsat
allsixpossibleorientations:

Thepossiblevalues ofæiare0°,60°,120°,180°,240°,and
300°(seeFigure9c).Withthis,theprevious equationresults
in

Equation2is onlyvalidforcrystals whoseaxis is oriented
perpendiculartothebaseline.Forallothercasesanadditional
phaseshiftähastobeaddedtotheanglebetweenthebaseline
andtheanalyzer,whereby90°-ächaracterizes theangle
betweencrystalaxis andbaseline.
Inthecaseofstandingcrystals onehas tochooseaview
alongthecrystalaxis.Withtheabove-describedparameters,
therelativefluorescenceintensitycanbecalculatedinasimilar
way.Theresultnolongerdependsontheanalyzerorientation
:

Therelativeintensitiesforlinearlypolarizedexcitationcanbe
foundusinganalogouscalculations.Fordetails seeAppendix.
Thefitofeq2totheexperimentaldataof27lyingcrystallites
atcircularexcitation(seeFigure8,aandb,above),yields a
half-openingangleRof72°(3°.Furthermore,thefitresults
inaphaseshiftofthefunction,whichisreflectedintheangle
betweentheimagebaselineandthecrystalaxis.Italsoresults
inafactorfortheabsoluteintensity,whichcorrelatesverywell
withthesizeoftheindividualcrystals.Bycalculatingthe
intensityforlyingandstandingzeolitesatcircularlyandlinearly
polarizedexcitationwiththevalueobtainedforR,theexperi-
mentaldataofcrystals1,2,and3canbecomparedwiththe
theoreticalresults ofthemodel.Thecalculatedcourseofthe
function as wellas theintensitybehaviorforthevarious
excitationpolarizationsisingoodagreementwiththemeasured
values,asshowninFigure8.However,theintensitydifferences
fortheminimaofthelyingcrystals 1and2 in thethree
measurementcurves arenotas largeas modelcalculations
predict.Thisdeviationcanbeexplainedbytakingthepolariza-
tionofthebackgroundsignalatlinearexcitationsintoaccount.
Furthermore,forcrystal2 onecan seethatthemeasured
orientationsofthemaximaandminimaatcircularlyandlinearly
polarizedexcitations arenotas stronglyshiftedtowardeach
otheras inthemodel's calculations.Thiseffectis mostlikely
duetothefactthatthebackgroundsignalwas notconsidered.
Ifaconstantbackground signalatcircularexcitation is
subtractedfrom themeasureddata,therelationbetweenthe
maximumandminimumintensityincreases.This causes the

openingangleRoftheconetoincreasebyseveraldegrees.
Hence,thepositions ofthecalculatedmaximaandminimaof
crystalswhicharenotparalleltooneofthetwolinearexcitation
directions doconverge.

5.GeometricalReasoningandMolecularOrbital
Calculations

ThelengthofPOPOPinx-directionisabout19�(seeFigure
2).ToobtainthevanderWaals length,about2�havetobe
added.Itslengththencorrespondstothelengthofnearlythree
zeoliteLunitcells.Theheightoftheflatmoleculeisabout6.2
�.Adding2�toobtainthevanderWaals heightraises the
questionifPOPOPmightbetoolargetoenterthe12-membered
ringwindow.WefoundthatthekineticdiameterofPOPOP
allows ittoenterthechannels ofzeoliteL atelevated
temperaturewhereithasnootherchoicebuttoalignalongthe
c-axis.ThefirstelectronictransitionofPOPOPisofð,ð*type
andpolarizedalongthex-axis.Thismeansthattheobservations
reportedinFigure6clearlysupportthespace-fillinggeometrical
arguments accordingtowhichPOPOPdoes alignalongthe
c-axisinzeoliteL.ThesituationismorecomplexforOx+and
Py+.Theirlengthis11.3�.Adding2�toobtainthevander
Waalslengthgives13.3�.Onthebasisofthedatareportedin
theprevioussectionswemustreviseourearlierassumptionthat
thesedyesdoalignalongthec-axisofzeoliteL.Tounderstand
theexperimentaldatawefirststudythedifferentpositions of
thesedyes inthemainchannels.Wethenalsoinvestigatethe
natureofthefirstelectronictransitions inmoredetail.We
distinguishfourdegreesoffreedom:translationalongthec-axis,
rotation aroundthechannelaxes â,rotation aroundthe
moleculesaxesç,andtiltingR.Detailedinvestigations showed
thatitis sufficienttoconsiderthetwopositionsalongthec-axis
showninFigure10(top)andwefoundthatthedetermining
angleisR.
WhatareacceptableR-values?Wediscuss this questionby

meansofgeometricalargumentsbecauseenergyminimization
proceduresare,unfortunately,nottobetrustedforthis system,
evenwhenusingadvancedcomputationalprocedures.Situations
foratom-atomdistancesalwayslargerthanthevanderWaals
radiifromref23havebeeninvestigated.Exceptions arethe
CdyeHâââOzeolitedistances thatturnedouttobeofspecial
importanceandwhichhavebeenvaried.Weshow themfor
Py+andOx+inFigure10(left)asafunctionofR.Theshortest
CHâââOzeolitedistancefoundin theliteratureis shown as
horizontalline.24Py+shows shorterCdyeHâââOzeolitedistances
thanOx+.This is duetotheCH groupwhichreplaces the
aromaticnitrogenatominOx+andwhichmakesashortcontact
in the12-ringofthezeolite.Basedon this,thesmallest
acceptableCdyeHâââOzeolitedistancesleadtoalargestacceptable
angleRofabout40°forOx+and30°forPy+.Theseangles
canonlyberealizedforthepositiononthec-axis shownon
theleftsideofFigure10.This resultseems toconfirmour
previouslyreportedreasoningthatPy+andOx+basicallyalign
alongthec-axis.However,theexperimentalresults com-
municatedin sections 3 and4donot.Wehavetherefore
investigatedanadditionalpossibilityillustratedontherightside
ofFigure10.WefoundthatOx+andPy+haveindeedachance
tolieperpendiculartothec-axis,fromageometricalspace-
fillingpointofview.TheH 2NdyeâââOzeoliteandNdyeH 2âââOzeolite
distancesare3.3and2.5�,respectively,whichisreasonable.
InFigure10theshortestcontactdistancesforthispositionare
reportedasafunctionofR.ThecriticalH 2NdyeâââOzeolitedistance
isabout3.1�onlywithinanangleofabout90°.Deviationsof
thisanglerapidlyresultinhardlyacceptablesituations.When

Irel)å
i)1

6

jaij
4cos2âi

)å
i)1

6

[(cosæisinR)
2+cos2R]2

sin2(+arctan(cosæitanR))(1)

Irel)sin
2(+R)+sin2(-R)+(9/8sin

4R-3sin2R+

2)(sin2(+arctan(1/2tanR))+sin
2(-arctan(1/2tanR)))

(2)

Irel)
3/2sin

4R (3)

OrientationofFluorescentDyes intheNanoChannels J.Phys.Chem.B,Vol.105,No.1,200131



Ris75°thentheH 2NdyeâââOzeolitedistanceis2.6�andtherefore
farbeyondthesummedupvanderWaals radius indicatedby
thedashedhorizontalline.ThebehaviorofPy+andOx+isthe
same,becausetheterminalNH 2 groups controlthecritical
distances.Weconcludethatgeometricalargumentsgiveroom
foronlytwoprobablearrangementsofPy+andOx+:anangle
Rofupto40°forOx+andupto30°forPy+,andanangleR
ofabout90°forbothofthem.Becauseoftheseverelylimited
spacewecannotanswerthequestionhow themoleculescould
possiblyfindtheirwayintothe90°position,despitethefact
thatkineticradiicanbeunexpectedlylargeasweobservedfor
POPOPandas reportedforothersystems.25
Althoughthemainfeaturesoftheelectronicstructureofdyes
withsimilarstructuresasPy+andOx+arewell-known,26itis
necessarytoconsidertheminmoredetail.Weareespecially
interestedinthesymmetryofthefirstelectronictransitions.The
frontierorbitalregionofPy+,as obtainedfromanEHMO
calculation,is illustratedinFigure11.TheHOMO/LUMO
regionconsistsofðorbitalsofa2andb2 symmetry.Thisleads
toexcitedelectronicconfigurationsofa1andb1symmetryand
tononzerotransitionmomentsinz-andx-direction,respectively.
TheLUMOr HOMOtransitionisx-polarizedandbearslarge
oscillatorstrength.Itis closelyfollowedbyamuchweaker
z-polarizedtransition.Additionalexcitedð,ð*configurations
ofa1andofb1symmetrycanleadtoconfigurationinteraction,
whichmustbeconsidered.ThemainpartoftheHOMO is
locatedattheterminalnitrogenatoms whiletheLUMO is
concentratedinthemiddleofthemolecule.The1n(a1)orbital
appearssignificantlybelow theHOMO-1.Itgivesrisetoavery
weakbutallowedtransitionalongthey-axis.Thecalculated
oscillatorstrengthis intheorderof10-4.
ThePPPprocedurehas proventobeanexcellenttoolfor
studyingtheconsequences ofconfigurationinteraction(CI)
importantinð,ð*transitionsofaromaticmolecules.TheS1state
isonlylittlealteredbytheCItreatmentwith49configurations,
incontrasttothehigherstates.This means thattheintenseS1
r S0absorptionbandcanessentiallybeattributedtoa1ð*(b2)

r 1ð(a2)transition,as reportedinearlierstudies ofsimilar
dyes.27,28Weobserveaconsiderableenergysplittingbetween
theS1andtheS2 states.TheoscillatorstrengthoftheS1r S0
transition,orientedalongthex-axis,is about2 orders of
magnitudelargerthanthoseofthez-polarizedS2r S0andS3
r S0transitions.Similarresults havebeenobtainedforOx+.
A comparisonoftheexperimentalspectraofPy+andOx+and
thecalculationis illustratedinFigure12.Theheights ofthe
linesrepresentthecalculatedrelativeintensities.xandzindicate
thepolarizationoftheSnr S0ð,ð*transitions.Thetwoweak
z-polarizedS3,S2r S0transitions,whichappearinthespecially
indicatedregion,arewellseparatedfromthemainabsorption
band.Thehigherenergybands wehavecalculatedarenot
indicatedbecausetheyarenotrelevantforthis study.Alsonot
indicatedistheð*r ntransition.Itspositioncanbeestimated
tobeabove25000cm-1forPy+whereonlytheoxygenatom
is involved.Thehighestn-orbitalinOx+is concentratedon

Figure10.PositionsofOx+andPy+inthemainchannelofzeoliteL.(Top,left)Degreesoffreedomofaplanardyemoleculeinthecavitiesof
zeoliteL.(Bottom,left)ShortestCdye-HâââOzeolitedistancesofPy+(dotted)andOx+(solid)whenthemoleculearerotatedaroundRandcentered
inthemiddleofthe12ring.(Top,right)Ox+lyingacross thechannelofzeoliteL.(Bottom,right)Shortestdistances ofPy+andOx+whenthe
moleculeisrotatedaroundRandcenteredinthemiddleoftheunitcell;H2NdyeâââOzeolite(dash-dot)andNdyeH 2âââOzeolite(dashed).Summedupvan
derWaals radiiareindicatedbyhorizontallines.

Figure11.One-electronenergyleveldiagramofPy+.
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thenitrogenatominthearomaticring.Itgives risetoavery
weaky-polarizedð*r ntransitionwhichweexpecttobe
hiddensomewhereonthehigh-energysideoftheintenseS1r
S0absorptionbandbecauseotherwiseOx+wouldnotshow such
intensefluorescence.ð*r ntransitions areknowntoshift
considerably,dependingonthesolvent.29,30Theimportantresult
forthis studyis thatthez-polarizedð,ð*transitionsareweak
andwellseparatedfromtheS1r S0butnevertheless notat
muchhigherenergy.

6.ExperimentalSection

Materials.ZeoliteL.ThepurepotassiumformofzeoliteL
K9(AlO2)9(SiO2)27â21H 2Owas synthesizedasdescribedinrefs
3and21.Py+andOx+weresynthesizedasreportedinref21.
5,5¢-Diphenyl-2,2¢-p-phenylenebis(oxazole) (POPOP) from
Fluka(99%)wasusedas received.
Dye-LoadedZeoliteMaterials.Py+-loadedandOx+-modified
zeoliteLcrystals werepreparedasdescribedinrefs 3and21.
Theloadingofthesamples inFigure5 was ppy)0.11with
about4Ox+perchannel.ThatofthecrystalsreportedinFigures
7and8waspox)0.0006.Aggregateswereremovedfromthe
surfaceofthecrystalsasdescribedinref3.Thepreparationof
thePy+,POPOP-zeoliteLmaterialwasperformedbygasphase
reactionofdehydratedzeoliteLwithPOPOPat250°Cfollowed
byionexchangewithPy+at80°Cfromanaqueoussuspension.
Experimentaldetailsforthepreparationofsimilarsamplesare
reportedelsewhere.14Theresultingmaterialhadaloadingof
0.2POPOP/u.c.(pPOPOP 0.6)andofabout4Py+perchannel.
PhysicalMeasurements.UV/vis spectrawererecordedon
aLambda14spectrophotometer(Perkin-Elmer).Fluorescence
spectrawererecordedonaluminescencespectrometerLS50B
(Perkin-Elmer).Opticalmicroscopypictures offluorescent

samplesweretakenwith1000timesenlargementonanOlympus
BX 60microscopeprovidedwithaKappaCF20DCX AirK2
CCD camera.Thelightstemmingfroma100W halogenor
mercurylampwaspassedthroughappropriateexcitationcubes
composedofanarrow bandexcitationfilter,adichroicmirror,
andacutoffbarrierfilter.FortheobservationofthePOPOP,
Py+,andOx+fluorescencetheappropriatecubeswereselected
toexcitetheinvestigatedmolecules intheregionofthefirst
ð,ð*absorptionband(seeFigure3):U-MWU(330-385nm),
U-MNB (470-490nm),andU-MWIY (545-580nm).A
polarizationfilterwas usedeitherintheexcitationorinthe
analyzerlightbeam.ImageswererecordedwithKappaImage-
Basesoftware.
Single-CrystalImaging.A high-resolutionscanningconfocal

microscopewasusedtoimagethefluorescenceofsingledye-
loadedcrystals.Thesamplewaspreparedbypushingafreshly
cleavedglass fiberintoanaqueous suspensionofdye-loaded
zeolitemicrocrystals.Severalcrystalsadheredandwerefound
toberandomlydistributedontheglass surfaceafterthewater
hadevaporated.Themolecules wereexcitedbyaNd:YVO4
laser(ì)532nm),andthepolarizationoftheexcitationbeam
was controlledbyhalfandquarterwaveplates toachieve
circularlyorlinearlypolarizedlightinthedesireddirection.A
Zeiss100,NA 0.75objectivelens wasusedforfocusingthe
excitationlightandforcollectingthefluorescence.Theexcita-
tionlightreflectedfromthesamplewassuppressed6ordersof
magnitudebyaholographicnotchfilter(Kaiser).Theremaining
fluorescencebeampassedthroughabroadbandanalyzer.For
detection,thebeamwasfocusedontoanavalanchephotodiode
(EG&G,SPCM200).Images wererecordedbyscanningthe
sampleinaraster-likefashionandcollectingthedatapointby
point.Detailsofthesetuparedescribedinrefs31and32.The
polarizationdirectionofthefluorescencelightwas selectedby
rotatingtheanalyzerbeforeanimagewas taken.Toevaluate
thefluorescenceintensityofsinglecrystals independenceof
thepolarization,thevalues offivepixels atthemostintense
locationofeachcrystalwereselectedandaveraged.
ForceFieldandMolecularOrbitalCalculations.Force

Field.Geometricalaspectsandoptimizationofthedyestructures
wereperformedbytheprogramCERIUS2.Theoptimization
wasdonewiththeimplementedMMFFsmethod.33Thezeolite
structurewastakenfrompowderX-raydata.11Criticaldistances
werefoundbyclosecontactmonitoring.
MolecularOrbitals.Molecularorbitalswereinvestigatedby

means oftheEHMO(extendedHuÈckelmolecularorbitals)34
methodusingICONC-EDiT.30,35 Off-diagonalelements were
calculatedbytheweightedWolfsberg-Helmholz36formulawith
adistancedependentHuÈckelconstant.37Standardparameters
asgiveninref35 wereused.
ConfigurationInteraction(CI).ThePPP(Pariser,Parr,Pople)

methodwasusedtocalculatetheSn singletstates.38Fortynine
(ð,ð*)configurationswereincludedintheCIcalculations.The
parameters reportedinref39wereusedwiththeexceptionof
theNH 2groups forwhichUNH2)-24.22eV,çNH 2)18eV,
andâNH2,X )-2.09eV wasapplied.

7.DiscussionandConclusions

Fluorescencemicroscopy,single-crystalimaging,andspace-
fillingarguments ledtonew informationabouttheorientation
ofdyemolecules insidethenanochannels ofzeoliteL.
ObservationsmadeonPOPOP,thelengthofwhichcorresponds
tonearlythreeunitcellsofzeoliteLinthec-direction,andthe
factthatthetransitiondipolemomentisorientedparalleltothe
molecule'slongaxis,unambiguouslyleadtotheresultthatthis

Figure12.ExperimentalabsorptionspectrumofPy+(upper)andOx+
(lower)inwateratroomtemperatureandcalculatedelectronicð,ð*
transitions.
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dyeis alignedalongthechannelaxis.ThePOPOP-loaded
crystals,illustratedinFigure6,weremodifiedattheirendswith
Py+.WeobservedthatmaximumpolarizationofthegreenPy+
luminescenceappears nearlyperpendiculartothatofthe
POPOP,whichwas surprising.Fluorescencemicroscopypic-
tures ofPy+-loadedzeoliteLcrystals,modifiedattheirends
withOx+showedthattheorientationoftheS1r S0transition
momentofPy+andOx+inthezeoliteis approximatelythe
same.
Quantitativemeasurements ofthefluorescencepolarization
werethereforeperformedwithsingleOx+-loadedzeoliteL
crystals.Theresultisthatacone-shapedorientationdistribution
ofthetransitiondipolemoments withahalfopeningangleof
72°(3°aroundthecrystalaxis mustbeassumedtodescribe
consistentlyallthepolarizationdata.Accordingtothecrystal
structuremodel,however,themaximumpossibleconehalf-
angles forPy+andOx+are30°and40°,respectively.An
explanationofthediscrepancybetweentheorientationofthe
transitiondipolemoments obtainedfromtheopticalmeasure-
ments andtheorientationofthemolecularaxis byanoptical
transitionpolarizedperpendiculartothelongmoleculeaxis is
incontradictionwithourexperimentalandtheoreticalfindings.
Thepossibilityofanorientationdistributionwherealarge
fractionoftheguestmoleculeswouldbeorientedperpendicular
tothechannels is excludedbytheexperimentaldatareported
insection4.Letusconsiderforexampleacrystalwithsuchan
orientationdistributionwhichisexcitedalongthelongaxissuch
ascrystal1inFigure7.Whatwewouldexpecttoobserveisa
localintensitymaximumwhentheanalyzersettingisalongthe
crystalaxis.This is obviouslynotthecase,as canbeseenin
Figure8.Thesameis validforacone-shapeddistributionof
thetwopopulations withthemaximum allowedhalf-cone
angles.
Theextraframeworkcations protrudeintothevoidinternal
spaceofzeolites andexposeadsorbedguestmolecules to
considerableelectricalfields.40As aresult,otherwiseinfrared
inactivemolecules likeH 2,N2,andO2arepolarizedandshow
IR spectrawhen embeddedin azeolite.41-43 Stark-effect
experimentsperformedwithspectralhole-burningspectroscopy
onoxazine4,whichis Ox+substitutedwithmethylgroupsat
the2 and7positions andethylgroups attheendstanding
nitrogens,show alargematrix-induceddipolemoment.44An
explanationconsistentwithallthefactsis thatOx+isoriented
inaconeofabout40°openingwithrespecttothec-axis so
thatitisexposedtoaconsiderableanisotropicelectricalfield.
This induces amixingofthefirstx-andthez-polarized
electronictransitions withtheconsequencethattheeffective
transitionmomentofthemoleculeisturnedawayfromthelong
axis.Theobservedpolarizationangleof72°wouldthenbethe
sum ofthemolecules tiltingangleandtheturningofthe
transitionmomentbyStarkeffect.Similarargumentsapplyfor
thePy+forwhich,however,onlyqualitativeobservations are
availablesofar.2

Insummary,wehaveshownthatitis nottrivialtopredict
thefluorescencepolarizationofdye-loadedzeolitecrystalsfrom
structuraldata,norcantheorientationofthedyemolecules
directlybepredictedfromtheopticaldata.Electricfieldstrength
inzeolitesofseveralMV/cmuptoGV/cmhavebeenreported
intheliterature.40-43Furtherknowledgeofitsinfluenceonthe
electronicproperties ofdyemolecules is desirable.This is
obtainedfromdetailedopticalmeasurements performedwith
singlemicrocrystals incombinationwithmathematicalmodel-
ing.Theyleadtoaconsistentpictureabouttransitionmoment

distributionoftheguestmolecules and,hence,revealdetails
whichwouldbelostinanensemblemeasurementduetospatial
averaging.
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Appendix:DerivationoftheEquations forLinearly
PolarizedExcitation

Theparameters usedtocalculatethefluorescenceintensity
oflyingcrystalsatlinearlypolarizedexcitationarepicturedin
Figure13.Atlinearexcitationthefluorescenceintensitynot
onlydepends ontheorientationofthetransitionmoments on
thedoubleconebutalsoontheanglebetweenthetransition
moment's directionandthepolarizationoftheexcitinglight.
Therefore,inadditiontotheparameterspicturedinFigure9b,
thetwoangles R¢andçareintroduced.R¢describes theangle
betweenthey-axisandtheprojectionofthetransitionmoment
intothex,y-planeoflengtha,andçcharacterizes theangle
betweenthey-directionandthecrystalaxis ofthezeoliteand
correspondswiththeorientationofthecrystalliteonthesample.

TheangleR¢canbeexpressedindependenceonæ,R,and
çasfollows:

Theangleâbetweentransitionmomentandanalyzersetting
canbecalculatedby

Atlinearexcitationinthex-directiontheemittedintensityof
onedyemoleculeisnotonlyproportionaltoa4cos2âasgiven
ineq1butalsotosin2R¢.Summinguptheintensitiesfromall
possibleorientations ofthetransitionmomentleads to

CalculatingeqA.3withtheallowedvalues foræiyields the

Figure13.Sketchoftransitionmomentsandparametersforcalculating
thefluorescenceintensityatlinearlypolarizedexcitation.
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relativefluorescenceintensity:

Atlinearexcitationinthey-directionthefluorescencerateofa
singlemoleculeisproportionaltoa4cos2âcos2R¢.Therelative
fluorescenceintensityfollows byananalogous calculation:

Thedeviationoftherelativefluorescenceintensityofstanding
crystalsisperformedinasimilarway;forreference,seeFigure
9c.Inthecaseofstandingcrystals theangleR¢betweenthe
y-directionandtheprojectionofthetransitionmomentcorre-
sponds toæi.Analogous toeqA.3,thefluorescenceintensity
atexcitationinthex-directioncanbecalculatedby

Withthevalues ofæioneobtains

Atlinearlypolarizedexcitationinthey-directionsin2æiineq
A.6is substitutedbycos2æi:

Thus therelativeintensitycanbecalculatedas
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