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Aphotoinducedelectrontransferreactioninamodelsystemofthephotosynthesiswasinvestigatedbymeansof

pulsedEPRinone(ID)-andtwo-dimensions(2D).EPRspectraofaspincorrelatedradical ionpair(SCRP)andaspin

polarizedradicalanionwereobservedinthesystemoftetrakis(4-sulfOnatophenyl)pomhyrinozinc(n)(ZnTPPS)/duroqui-

none(DQ)/cetyltrimethylammoniumchloridemicellarsolution. Inordertoinvestigatethedynamicsandstructuresof

theintermediatespecies,anon-linearleastsquarefitting(NLLSQ), insteadoflinearprediction(LP),wasexaminedfbr

analysesoffreeinductiondecays(FID's)inalDexperiment.FID'swerefairlywellreproducedwiththeNLLSQmethod

asasumofthesignalsoftheDQanionandtheSCRP.FortheDQanion, thelinewidthgraduallydecreasedindicating
movementoftheanionacrossthemicelle/waterinterface.

ForadefinitiveassignmentoftheSCRRa2Dnutationexperimentwasperformed.DifferentHipangledependences

wereobservedfOrtheSCRPandthefreeanion.Underanassumptionofanaverageexchangeinteraction(､/),the2Dspectra

oftheSCRPweresimulated, includinganoffresonanceeffectonthebasisofdensitymatrixfOrmalism.Comparisonof

thecalculatedandobservedspectraindicatedthattheupperlimitoftheaveragelJIwasO.3MHz(J<0).

system､6,7）
ThisconsiderationhasencouragedustoanalyzethelD

FIDbymeansofananothermethod, thenon-linearleast

square(NLLSQ)6tting. Theanalyseswouldprovidedy-
namicandstructural infbrmationoftheSCRPaswellas

thoseofthefreeradical, suchasdelaytimedependences

ofanexchangeJvalue,concentrationsofthespecies, spin

poladzations,andlinewidths.

Inthe2Dexperiment,weintendedtodemonstrateclearly

adifferenceintheHipangledependencesbetweentheSCRP

andthefreeradical thatwassuggestedbyKrolletal.l l) In
apreviousstudyofacetonein2-propano1,5) thesignalsofa
radicalandofaSCRPweremixedheavily, sothespectra

werenotcompletelyseparated.Withanaidofpreferen-
ticaldominanceoftheSCRPinthissystem, the2Dspec-

trumdemonstratesthenutation竹equencyoftheSCRPmore

distinctlythanthatreportedfOrtheacetonesystem・ We

alsocalculatedthe2Dnutationspectrumbyusingtheden-

sitymatrixmethod. Fromacomparisonofexperimentally

obtainedspectrawithsimulatedones,weobtainedlJ|≦0.3
MHz(J<0). ItwasalsofbundthatboththelDand2D

experimentsprovideconsistentresultsfOrtheJvalue.

Fourier-transfbrm(FT)EPRspectroscopyhasattracted

muchattentionduringthelastdecade.')Anumberofchemists

haveappliedthistechniquetostudiesofphoto-chemicalre-
actionswithanaidofhightimeresolutionoflOns.2)Sev-
eralstudiesonspindynamicsofparamagneticintermediates

havealsobeenreportedwithatwo-dimensional(2D)FT-EPR

technique.3)However,thereexistonlyafewexampleswhere

photochemicalreactionsareinvestigatedbyboththelDand

2DFT-EPRtechniques.4)Recently,wehavedemonstrated
thegreatabilitiesof2DFT-EPRnutationspectroscopyin

thestudyofaphOtochemicallygeneratedspincorrelated

radicalpair(SCRP).5)Somespectroscopicevidencefbrthe
spin-HamiltonianandfOranon-equilibratedspinpolariza-

tionwerefOundinthe2DspectrabyobservingHipangle

dependenceoftheFT-EPRsignal.
It iswellknownthatalifetimeofSCRPdrasticallyin-

creasesinviscousormicellarsolutionowingtorestricted

diffUsion.6,7) Inthispaper,wedescribelDand2DFT-EPR
studiesoftheSCRPandthefreeradicalgeneratedinthe

photoinducedelectrontransferreactionfromwater-soluble

tetrakis(4-sulfbnatophenyl)porphyrinozinc(n)(ZnTPPS)to

duroquinone(DQ)inthecetyltrimethylammoniumchloride
(CTAC)micellarsolution. RecentlyvanWilligenetal.8)

havestudiedlDFT-EPRofthissystemandobservedthat

thespectmmoftheSCRP([ZnTPPS+…DQ-])hasarather

broadlinewidth. Theyadoptedthelinearprediction(LP)
SVDmethod9)andtheVARPROroutine'0) inordertore-

constructthepartofFIDIostduringinstrumentaldeadtime.

Animportantpointisthattheirspectrawerereproducedasa

sumofdispersivecomponentsofthepeaks.Thisisunusual

fOrthesignaloflonglivedSCRRwhichisthecaseofthis

ExperimentalandDataProcessing

ZnTPPSwaspreparedfi･omH2TPPS(Strum)andzincacetate

hydrate(WakoChemicals)andwaspurifledfOllowingthereported

procedure.8)DQandCTIﾍCwereusedasreceivedfmmWako
Chemicals. AnaggregationnumberoflO5atacriticalmicelle
concentrationofl.4mMofCATC(1M=1moldm-3)inwater8)
wastakenintoaccount inpreparationofaqueoussolution,giving
amicellarconcentrationofabout lmM. Theconcentrationsof
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ZnTPPSandDQwereO.4and2mM,respectively.Thesolution

wasthoroughlydeaeratedbyseveralfreeze-pump-thawcycleson

ahigh-vacnuIfilineandwassealedinaPyrex@tubewithouter
diameterof3mmfOrthepulsedEPRmeasurementandoflmmfbr
thecontinuousmicrowave(cw)time-resolvedEPR(TREPR)mea-

surement・ Thesamplesolutionwassonicatedduringpreparation

andimmediatelybefOrethemeasurements.

X-BandpulsedEPRexperimentswereperfonnedwithaBruker

ESP-380Espectrometeratroomtemperature.ZnTPPSwasexcited
withthesecondharmonics(532nm)ofaSpectraPhysicsQuanta-

RayGCR-14SNd:YAGlaserwitharepetitionrateoflOHz.For
1Dand2DpulsedEPRexperiments, themicrowave(MW)pulse
wassynchronizedtothelaserpulse.QuadratureFIDsignalswere
accumulatedwithaLeCroy9450Adigitaloscilloscopeinastepof

lOnsby512steps.AdurationoftheMWpulsewasca.10nsinthe

lDexperiment.ThedelaytimeztioftheMWpulsefromthelaser
excitationvariedwitharangefromlOOnstolOIAs.Aquadrature

detectionofFIDwascompletedwithafbur-stepCYCLOPSphase

cyclin9.

2Dnutationspectrawereobservedattwodifferentdelaytimes,

l llsandlOUs,afterthelaserexcitation・ThedurationoftheMW
pulse,r,,increasedinastepof8nsby64steps(8-512ns),and
FID(/2)wascollectedinastepoflOnsbyl28stepswiththe

CYCLPOSphasecyclingroutine・Withoutextrapolationofthe

partofFIDIostduringthedeadtime(ca.88ns),complex2DFID
ofamatrixof64×128wasapodizedwiththeHanningwindowin

bothdimensions(r,andr2)andwaszero-filledto256×512.Then

2DcomplexfastFouriertransfOrmationwasappliedtothe2DFID,

s(11 ,r2),providinga2Dnutationspectrumﾉ(の1,C(）2),whereのland

のうareanutationfrequencyandanEPRfrequency,respectively.

X-bandcw-TREPRspectrawereobtainedwithaNFBX-531

boxcarintegratorasalreadydescribedelsewhere.'2)Thesample
wasexcitedwithaSpectraPhysicsGCR170-10Nd:YAGlaserat
532nm.
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ResultsandDiscussion

1DExperiments. 1.Spin-CorrelatedRadicalPair.

ThemostsimpletechniqueoffrequencyanalysesofFIDis

FouriertransfOrmation. InFT-EPRmeasurements, thepart

ofFIDlostduringinstrumentaldeadtimecausesdistortion

onabaselineoftheFTspectrum. Inordertoextrapolate

themissingpart,theLProutinehasbeengenerallyusedfbr

manycases.Hereweexaminethevalidityofthismethod.

WehaveobservedlDFT-EPRspectrainthesystemof

ZnTPPS/DQinCTACmicellarsolutionatroomtemperature,

asshowninFig. 1.ThesespectrawereobtainedwiththeLP

methodofLPQRDI3)andthefastLProutinesI4)afterrecon-

structionofthemissingpartoftheFID.Similarspectrahave

alreadybeenreportedbyLevesteinandvanWilligenwith

theLPSVDmethod.8)Theobservedsignalsareeasilyable

tobeassignedasthoseoftheSCRPbetweenZnTPPS+and
DQ-.6,7,'5)FromtheoriesoftheSCRR7)eachhyperfineline

ofthesignalcouldbeanalyzedbytwoin-phase(absorptive)

componentsofoppositepolarizations(EｿA).HereE/Ade-

notestoanemissionandanabsorptionofmicrowavefbr

thelower6eldandhigherfieldcomponents, respectively.

Itis,however,fbundfromtheLPsolutionthateverypeak

wasanalyzedasasinglelineofanout-ofphase(dispersive)

component.Suchadispersivecomponentisexpectedtobe

Fig.l. lDFT-EPRspectraofZnTPPS/DQ/CTACmicellar

solutionwithdifferentdelaytimert,afterreconstructionof

IostpartsofFID'swiththeLPsolution.

observedfbrtheFIDofaradicalaffectedbytheshort-lived

SCRP. Inourcase, theSCRPisactuallyaliveevenat2

ILs,whichissupportedbyanobservationofacw-TREPR

spectrum(Fig.2d).

Inordertoclarifythedifferencebetweenabsorptiveand

dispersivespectra,wecomparethreekindsofFT-FIDspec-

trawiththecw-TREPRspectrainFig.2: Spectrum(a)was

simulatedwiththeLPsolutionoftheobservedFID. Spec-

trum(b)isasimulationspectrumunderanassumptionof

(absorptive)E/ApeakswithanappropriateJ(-0.3MHz)

andalinewidthF(IMHz),andspectrum(c)isthesameone

asshowninFig.l.Spectrum(d)showstheTREPRspectrum

observedat211safterthelaserpulse.Weconsiderthatthe

cw-TREPRspectrumreHectsareallineshapeoftheSCRP

spectrum.Fromthesespectra,itisfbundthatthespectrum

withLProots(a)iscomposedofalldispersivecomponents

whicharecharacterizedbyverybroadlinesatbothwingsof

thespectrum. Spectrum(b)withabsorptiveEMAresembles

theTREPRspectrumclosely. Spectrum(c)obtainedfrom
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a
totheSCRPoftheDQanionradical.Forhyperfinepeaksof
Mﾉ,theFIDisdescribedas

s(M',/)="(MI)lexp{加岬("ﾉ)-J)r-2"n+"(M)}

-exp{2m(f(M)+J)r-21zn+"(Mj)}]

=2"(M,)[sin(2"r)[sin{2"(M,)r+｡(Mﾉ)}

－icos{2可((肋)r＋の(肋)}]exp{-21厩、}， （1）
b

wherethetransversemagnetizationdampsexponentially
withF,Here,"(M) isthenumberofdegeneratenuclear
configurations,（肋)aresonanceoffSetatMﾉ,Janaverage
exchangecouplingconstant,I~'alinewidth,@(Mﾉ)anini-
tialphase.Bysummingupcontributionsfromallhyperfine
lines,thewholeFIDisdescribedasC

s(')=AEs(肋↑r)、 (2)
Mi

withanamplitudefactorofA.

FirstweexamineddependencesofthelinewidthFandthe

exchangeintegralJina2Dfashion.Thel~andlJ|valuesal-
teredoverO.05-10MHzin0.05MHzsteps.Ittumsoutthat
theI~'whichminimizesthedifferencebetweentheobserved

andcalculatedFID'shadarangefrom0.8to1.0MHz.The

obtainedJ'sweresummarizedinFig､3,includingelTorbars.
Next,byusingtheseFandJvaluesasinitialvalueswemade

theNLLSQfittingoftheobservedFIDwiththealgorithm
ofMarquardt, involvingthemethodofThylor'sdifferential
correction.'6)Hereノ,F,andAarenon-linearparameters.
Weusedfixedvaluesfbr八M,)andの(肋)obtainedfromthe
LPsolution.TheFvalueswhichminimizetheresiduesare

listedinTablelandtheplotsoftheJvaluevs.delaytimeZti
areshowninFig.3.Contrarytothepreviousreport,8)nono-
tabledependenceofthelinewidthonthehyperfinelineswas

observed. ItseemsthattherePortedlinewidthscontainedap-
preciableerrorsduetotheafbrementionedmisunderstanding

．
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Fig.2. ThreedifferenttypesoflDFT-EPRspectrawith
delaytimeztiof2ILs;(a)asimulatedspectrumbasedupon
theLPsolutionofFID,(b)asimulatedspectrumobtained

fOrEYApeakswithsingleJof-0.3MHz,and(c)aspectrum
obtainedafterextrapolationwiththeLPsolution. (d)shows

acwTR-EPRspectrumobservedat211swithagatewidth
ofO.211s.
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4碑theobservedandreconstructedFIDisanintennediateone

between(a)and(b)showingstillbroadcomponents.We
alsofbundthatthegivenEMAcomponents(b)areanalyzed
withtheLPmethodasdispersivecomponentsbysuffering
simlarnoisetothatoftheobservedFID. Theseobserva-

tionsclearlyindicatethattwolinesofcloselyseparatedEMA
componentscannotbecorrectlyresolvedbytheLPmethod

underordinaryconditions.Themostseriousproblemofthe
LPanalysisgivingdispersivecomponentsisthatneitherノ

norFcanbedeterminedinmanycases.

Therefbre,wenextexaminedthenon-linearleastsquare
(NLLSQ)fittingofFIDwithamodelcontaininganabsorp-
tiveanti-phase(EMA)doublet. First,wepointoutthatthe
spectrumoftheZnTPPS+radicalisbroadenedinhomoge-
neouslywithveryshort7r8)andtheFIDcontainsveryfew
contributionsfromthisradicalaftertheinstrumentaldead-

time(88ns).WehereconsideronlytheEPRtransitionsdue

一

-0．5

－1

100 200 500 1000

DelayTime/ns

Fig.3. PlotsofobtainedexchangecouplingJVersusdelay
timezi,.SquaresexpressthemostsuitableJvalueswhenJ

andFvariedina2Dfashion.Errorbarsdenotetheranges
wheretheresiduedoesnotexceedoverthennimaloneby
afactorofl%.TnanglesexpresstheconvergedJvalues
whentheNLLSQfittingwasapplied.Seethetext.
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Tablel.MostSuitableLinewidthFatDifferentDelayTimezt,a)

zt,/ns
F/MHz

100

0.82

200

0.79

300

0.93

400

0.87

500

0.93

600

0.88

700

0.95

800

0.91

900

0.96

2000

0．86

3000

0．88

a)ValueswereobtainedbytheMarquardtNLLSQnttingoftheFID

oftheline-shape.

AlthoughtheshapeoftheFIDwasnotsosensitivetoJ

initssmallregion,wefbundthattheabsolutevalueoflJ|
graduallydecreaseswiththedelaytime.Thisresultmaybe

explainedintermsofrelativediffusionofthepairafterthe

electrontransferreaction.Anotherpossiblereasonisthata

spinrelaxationprefersthegroupofthepairswithlarger lJ|
valuescomparedtothosewithsmall lJ| 's.
ThetimedependenceoftheobtainedAvalueonzacould

providedynamicsoftheSCRPasshowninFig.4.We

assumedthenrstorderriseanddecayofthesignal; then
timeconstantswereobtainedas3×106s-land4×105s-1,

respectively.Thesevaluesareconsistentwiththereported

ones,8)whichalsoassuresreliabilityoftheNLLSQanalyses.
Then,thereactionschemeissummarizedasthefOllowing.

distortionsinthebaselines,wecanevaluatetheamplitudes

andphasesofthesignals.Thedifferencespectraatseveral

delaytimesareshowninFig.6.Thespectradidnotshow

theanti-phase(EIA)doubletsignalsoftheSCRRbutone

phase(EorA)signalofthe丘eeradical involvingCIDEP.

TherefOre,weconcludethatthedifferencespectracomefrom
thefi･eeDQanionradical.

ThepolarizationofthespectrumvariedwithZti. Immedi-

atelyafterthelaserpulse,thelowfieldcomponentsexhibita

strongeremission(E)andthehighfieldcomponentsanab-

somtion(A)ofthemicrowave,givinganE*/Apattem.This
polarizationcanbeeasilysimulatedbybothcontributions

ofthetripletmechanism(TM)'7)duetopolarizedZnTPPS*
(A)andtheSTomixing(tripletprecursor,J<0)intheradical

pairmechanism(RPM)!8)withE*IA(Fig.7a).Soonafterthe
intensitiesofthehighiieldlineswereweakened, thepolar-
izationswereinvertedtotheemission.Thewholeemissive

spectrumatlOllswasshowninFig.7c.Thisemissivepolar-

izationcanbeattributedtoeitherorbothofthetwopossible

mechanisms.Oneistheelectronexchangebetweenneutral

DQandtheDQanion､8,9,2())Inthiscase,prevailingemissive
polarizationsproducedbySToRPM(E*/A)aretransferred
fromonehyper伽elinetotheotherbefbrethelongitudi-
nalrelaxationiscompleted・AnotherpossibilityistheST_

RPM2') (Fig.7b). Takingintoaccounttherelativelystrong
E(Fig.6a)signalvstheE*/A(Fig.6d)signalatearliertime
andsimilarityofthespectra(Figs､7band7c),weconsidered

that theST_mechanismisinvoIvedinthissystem. The

observationthatemissiveelectronspinecho(ESE)signalof
theZnTPPS+radicalwasobservedinthissystem22)together
withthoseoftheSCRPandtheDQanionradicalisconsistent

withthisassignment.

InthespectraoftheDQanionradical, thelinewidthbe-

camenarrowerwithincreasingZti・LevsteinandvanWilligen
observedsimilarbehaviorinmicellarsolutionwithaneutral

surfactantofTX100,wherethelinewidthbroadeningwas
observedatamuchearliertime(zt,<40ns).8) Inourcase,

however,thelinewidthvariedafterca. l lLs.Thechangein

thelinewidthcouldbeascribedtomovementoftheDQanion

廿omthemicelle/waterinterfacetothebulkaqueousphase,
wheretheinteractionswiththeZnTPPSradicaland/orthe

cationicCTACsurfactantmustbereduced.8,23)Coulombin-

teractionsbetweentheDQanionandthepositivelycharged

headsofCTACand/orelectronexchangesbetweenDQ-and

DQmaybeconcernedwiththelinewidthbroadeninginside

themicelle(<l lls).

2DNutationExperiments、 Weobtained2Dspectra

withrespecttotwofrequencyaxes, anutationfrequency

(の,)andanEPRfrequency(mz).2Dnutationspectraare

displayedattwodifferentdelaytimes: l lls,andlOlls, in
Fig.8.ContourmapsofthesespectraareshowninFig.9.

ZnTPPS4》3znTppTLIznTp"…DQ~]
3×lO6s－l SCRP

ZnTPPS++DQ-
－

4×lo5s-l 廿eeradicals

TheobservedFID,thecalculatedFIDwiththegivenparam-

eters(Thblel,Figs.3and4),andtheresiduesareshownin

Fig.5fOrboththerealandimaginaryparts.

2.FreeRadical． AsshowninFig.1,weobservedin-

phaseemissivesignalsafterthedelaytimezt,of71ﾙs.These

signalsaresafelyattributedtothoseofisolatedspinpolarized

DQanionradical・TheresiduesinFig.5,whicharecalled

66differenceFID'',containcontributionsfromthecomponents

otherthantheSCRP・ ComplexFTofthisdifferenceFID

yieldsa@6differencespectrum'',whereextrapolationofthe

Iostpartwasnotmade.Althoughthespectrasufferedfrom

/Jh
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Fig.4. PIotsofamplitudefactorAoftheSCRPversusdelay

timeztl・Thevalueisdirectlyproportionaltotheconcentra-
tionoftheSCRP
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Fig.5. ObservedandthecalculatedFID'sfOrtheSCRPwiththeMarquardtroutineandtheresidualHDatdelaytimesof(a)100
nsand(b)3UsfOrtherealandtheimaginaryparts.

Comparisonofthetwospectraleadsustotheconclusionthat

correlationbetweenの, andaJ2ineachpeakisremarkably
differentattwodelaytimes.Asmentionedintheprevious
section,thelDexperimentsrevealthattheEPRsignalscom-
prisedominantlythoseoftheSCRPatthedelaytimeofl

IJs,whereasthefreeradicalexclusivelyatlOlls(Fig.1).It
iseasilyshownthatonlytheTorreyoscillationfbratwo-

levelsystem24)involvedinthenutationspectrum(の,)atlO
ILs; thespectrumiSfairlywellexplainedbythenutationof

thelongitudinalmagnetizationofthefreeradical5)witha

frequencyの1/2兀ofca.12MHzatthecenterofthespec-

nm(m2-0MHz).Thenutationspectrumatlllsgavethe
maximumintensityatthenutation廿equencyの1/2兀ofca.
28MHzat"-0MHz・ Thisの, valueisabouttwiceof

thatfbrtheradical,whichclearlyindicatesthattheobserved

nutationspectrum(Fig.8a)isduetothatoftheSCRR! !'25)
ThisassignmentisalsoconsistentwiththeresultofthelD

expenment.

Nextwetrytosimulatethe2DspectrumoftheSCRPusing
themethodofadensitymatrix.TheaveragedHamiltonian
theoryprovidestimeevolutionofthedensitymatrixina

rotatingframeas5)

O(rl ,r2)=exP{-iHOr2}exP{-i(HO+Hp)rl}O(0)exp{i(HO+HP)rl}

xexp{iHOr2}, (3)

whereO(0)expressesaninitialdensitymatrix,HOthespin

HamiltonianoftheSCRRHbtheHanltonianofaninterac-
tionwithanalternatingMWfield.AlltheHamiltoniansare

writteninangularfrequencyunits. r, andr2areevolution

timeswithandwithouttheMWfield, respectively. Inthe
abovedescription,weignoredeffectsofspinrelaxationand
filrtherdevelopmentofaspinpolarizationandusedanav-

erageJvalueduringtheevolutionofthesystem.Underthe
highfieldapproximation,thespinHamiltonianoftheSCRP
isdescribedas

Ho="Saz+"Sbz-J(2SaSb+1/2), (4)

where"and"areresonanceoffSetsofradicalsaandb,

respectively.Ontheotherhand,wehave

Hp=-ga"Bsay/h－gb"BSby/" (5)
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Fig.7. Calculatedspectradue toa)SToandb)ST_

mechanismswithEPRparametersofg(DQ~)=2.0049,

g(ZnTPPS+)=2.0025,Q(12H)=5.40MHz,and"(4N)=4.30

MHz,andc)thedifferencespectrumatlOlls.

a . _" AFig.6. Differencespectraatdelaytimesztiof(a)31ﾙs,(b)2

lls,(c)200ns,and(d)100ns.Thesespectrawereobtained
byFouriertransfbrmationoftheresidualFID(Fig.4).Bro-

kenlinesindicateapproximatebaselines.

~

肘

BecauseoftheshortTroftheZnTPPS+radica1,8) theob-
servedFIDconsistsofcontributiononlyfromtheDQ-radi-

calintheSCRP. InordertoobtainmagnetizationoftheDQ-

radical,oneneedstocalculateatraceofthespindensityma-

tdxoverasubspaceoftheZnTPPS+radicalasfOllows:

ObQ(rl,/2)="ZnTPPS{O(/1,/2)}

其先人輔

-500

⑩2／2兀/MHz

50

αα” βα〃

I |｜
＝r吃nTPPS

α β

｛鏡:土撫蹴噸1 "'
HereinOi234(1,2,3,4=CIor"),land3denoteelectron
spinsoftheDQ-radical,and2and4denoteelectronspins
oftheZnTPPS+radical.Hence,2DFIDoftheSCRP廿om

theDQ-radicalisexpressedas

050 －50

⑩2/2兀/MHz

Fig. 8． 2DFT-EPRnutationspectraatdelaytimesof(a) 1

llsand(b)1011s.の,andCUzdenotethenutationfrequency
andtheEPRfrequency,respectively.
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Fig. 10. AsimplifiedspectmmoftheZnTPPS+radicalused
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Table2. ParametersUsedfbrtheSimulationof2DNutation

SpectraDisplayedinFig.ll')

CenterofthespectrumofDQ

CenterofthespectrumofZnTPPS

g(DQ)

g(ZnTPPS)

BI

"(DQ)

4．99MHz

-5.60MHz

2.0049

2.0025

0.421mT

5．40MHz

Ｎ
国
冨
宕
伺
、
Ｓ

a)ThespectmmoftheZnTPPS+radical isdescribedinFig. lO

thattheexchangeinteractionparameterlJI(J<0)issmaller
thanca.0．3MHz,whichwasalsoobtained廿omthelDex-

periment. FromourresultsitisfOundthatthelDand2D

FID'sinmicellarsolutionaresatisfactorilysimulatedbya

modeloftheaverageJvalue.26)

ConCluSions

Dynamicandstructuralstudiesweremadeontheradical

andspincorrelatedradicalpair(SCRP)inthephotoinduced

electrontransfersystemofZnTPPS/DQ/CTACmicellarso-

lutionbymeansofpulsedEPRinone(1D)andtwo(2D)
dimensions.

InordertoanalyzethelDFIDoftheSCRPaswellas

theDQanionradical,weexaminedtwokindsofanalyti-

calapproaches. Applicationofthelinearprediction(LP)

methodturnedouttofail intheanalyses,whereasthenon-

linearleastsquare(NLLSQ)fittingfairlywellreproduced
theobtainedFID・WefOundthattheJvalueoftheSCRP

graduallydecreaseswithdelaytimezti. Thedifferencein
theobservedandcalculatedFID'sfOrtheSCRP(difference

FID)comprisesthecontributionfromthefreeradical.The

linewidthnarrowingobservedfbrtheDQ-radicalindicates

anescapeoftheanionfromthemicelletobulkwatersolution
atalatertime.

Two-dimensionalnutationexperimentsgavedefinitiveev-

idencefbrtheassignmentoftheSCRP.Theobtainednuta-

tionspectrashowedcompletelydifrerentfeaturesatdifferent
delaytimeswhentheSCRPexistsanddoesnot.Fromthe

numericalcalculationofthe2Dspectraweobtainedtheup-

perlimitoftheexchangevaluelJl.BothlDand2Dnutation
experimentsprovidedalmostthesamelJ|valueof=0.3MHz
(J＜0)．

4■■■■

－

の,／2兀/MHz

9. ContourplotsofFigs.8(a)and8(b)Fig.9. ContourplotsofFigs.8(a)and8(b).Notethatthe

peakswiththehighernutationfrequencies(の,)wereob-
servedin(a).

S(r,,r2)=rr{(Sx+jSy)ODQ(rllr2)}

＝恥ααα(r, ,r2)+卿αβ(r, ,r2). (7)

SinceashapeoftheEPRspectrumoftheZnTPPS+radical

canbeapproximatedbytheGaussianlineshapewithafilll
widthathalfmaximumofca. 16.5MHz,weconsideredthe

spectrumaslllinesseparatedby4.0MHzwiththeGaussian

distributionasshowninFig. 10.Thenthenutationspectrum

isobtainedby2DFouriertransfOrmationofEq.7as

厘庭 dildr2e~『のrle-Iの'2s(rl ,r2). (8)I(の',")=

Wecalculatedthe2Dspectrausingtheparametersassum-

marizedinThble2fbrseveralJvalues,asshowninFig. 11.

Thesefiguresunambiguouslydemonstratethattheobserved

spectrahavingtheEMApatternsareduetothoseoftheSCRP.

AllthespectraexcepttheonewithJof-1.0MHzhave

lineshapessimilartoeachother.TherefOre,wecanconclude

I l I l I U

b I

』
I

ー

ー

一

1 1 1 1 1 1

〕

I I l l I

4■■

ー

■■■

1 1 1 1



lDα"d2DF7LEPRQfEﾉecrm"7>zz"唯rSys花加1540B"".C/Ie"z.Soc.〃".,",No.6(I995ノ

Ｏ

Ｏ

２
Ｎ
帛
閂
目
角
尽
眉
因
、
Ｎ
ｅ

Ｏ

Ｏ

２
Ｎ
函
三
、
旨
Ｎ
、
Ｓ ご－一一二一

-20-20

-SO O 50

①,／2兀/MHz

-SO O SO

(A)1/2兀/MHz

０つ
ム
ｎ
Ｕ

Ｎ
国
夛
ご
眉
Ｎ
、
ｅ

一一

Ｏ
Ｏ

２Ｎ
困
舅
こ
ぽ
Ｎ
肩
Ｓ

一
一

一
一
一 。＝

<三二＞くノ

-20-20

-SO O SO

（1）,／2兀/MHz

-SO O SO

⑩1／2兀/MHz

)3MHz,b)-0.lMHz, (c)-0.3MHz,and(d)-lCalculated2DnutationspectrawithfOurdifferentノvaluesof(a)-0.03MHz,b)-0.l

OtherparametersarelistedinTable2.

Fig. ll.
MHz

415(1991).

9)HBarkhuysen,R・deBeer,W.M.M.J.Bovee,andDソ) 1=l. l二jarknuysen,K.delJeer,w.ww1. ly1.J． ｣二jovee,anql-ﾉFinancial supportsbyGrants-in-AidfOrScientificRe-
searchesNos.06640711 (M.I.),04242102(S.Y),and

06239208(S､Y)廿omtheMinistryofEducation,Science,

SportsandCulturewereessentialtothiswork.Theauthors
thankProf.KimioAkiyamaofthisinstitutefOrhishelpin
the2D-EPRmeasurements.

.van

Ormondt,J､Mag".Reson.,61,465(1985).

10) G.H.GloubandVPereyra,SﾉAMJ.Ⅳ"meF:A"αﾉ.,10,413

(1973).

l1) G.Krol1,M.PlUshau,K・-RDinse,andH.vanWilligen,J3

Chem.Phys.,93,8709(1990).

12) S.Ohkoshi,S.Yamauchi,YOhba,andM.Iwaizumi,Chem.

Phys.Le".,224,313(1994).

13) J.Tang,CPLin,andJ.R.Norris,J.Mag".Reso".,62, 167
(1985).

14) H.GesmarandRC.Hansen,ノ.M"g"・他so".,SeKA,106,

236(1994).

15)M.C.Thurnauer,M､K.Bowman,andJ.R.Norris,FEBS

Le".,100,309(1979).

16) D.W.Marquardt,J.SMM.,11,431(1963).
17) S.K.Wan9,D.A.Hutchinson,andJ.K.Wan,JC/ze"z.

Phys.,58,985(1973).

18) F.Adrian,J.C/lem.PIZys.,53,3374(1970).

19) PR.Levstein,H.vanWilligen,M.Ebersole,andFW.

PUipers,Mo/.C"sr.Lj9.Crysr.,194,123(1991).
20) S.Basu,K.A.McLauchlan,andA.J.D.Ritchie,CIIe"z.

P/zys.Le".,105,447(1984).

21) a)F.J.AdrianandL.Monchick,J.Pﾉzys.C"em.,71,2600

(1979);b)M.Tbrazima,YMiura,K.Ohara,andN.Hirota,C/Zem.

Pbys.Le".,224,95(1994).

22) R・Hanaishi,K.Yamamoto,YOhba,S.Yamauchi,andM.

Iwaizumi,App/.M"g".Reso".,inpress.

Rehrences

1) L.KevanandM.K.Bowman,"ModernPulsedandContin-

uousWaveElectronSpinResonance,"Wiley,NewYork(1990).
2)HvanWilligen,PR.Levstein,andM.H.Ebersole,Che"2.

REM,93,173(1993),andreferencescitedtherein.

3) S.LeeandJ.H.Freed,J.Chem.Phys.,101,5529(1994),
andreferencescitedtherein.

4)M.PlUsuhauandK.-RDinse,J.M"g".Reso".,SeKA,109,

181(1994).

5) R.Hanaishi,YOhba,K.Akiyama,S.Yamauchi,andM.

Iwaizum,J.M"g".Reso".,SeKA, 116, 196(1995);J.C"enz.

Pbys.,103,4819(1995).

6) a)S・Sakaguchi,H.Hayashi,H.Murai,andYJ. I'haya,
Chem.Phys.Le".,110,275(1984);b)K.'Ibminaga,S.Yamauchi,
andN.Hirota,Cbe"1.Phys.Le".,149,32(1988).

7) a)G.L.CIoss,M.D.E.Forbes,andJ.R.Norris,J.P"ys.

Che"@.,91,3592(1987);b)CD.Buckley,D.A.Hunter,PJ.Hore,

andK.A.McLauchlan,C/zem.Pﾉlys.Le".,135,307(1987).

8) RR.LevsteinandH.vanWilligen,Che"z.PIIys.Le".,187,



B""､Cheﾉ".Soc.〃".,",NNo.5(I995ノ 1541R.Hα"αis"eraノ

26) VeryrecentlyTarasovetal.haveexannedthesimulationof

theSCRPspectrumincludingatimedependentJvalueandattached

itsimportance､27）
27) VF.Tarasov,E.G.Bagraynskaya, I.A. Shkrob,N. I.

Avdievich,N.D.Ghatlia,N.N・Lukzen,N.N.Turl･o,andR.Z.

Sagdeev,J.A"z.C/Ieﾉ".Soc.,117, 110(1995).

23) K.M・Kadish,G.B.Maiya,andR.Guillard,/"olg.C"em.,

28,2725(1989).

24) H.C.Tbrrey,Phys.ReM,76,1059(1949).

25) K・Harasharoni,H.Levanon,J.Tan9,M.KBowman,J.R.

Noms,D・Gust,T.A.Moore,andA.L・Moore,J.A"1.C/iem.Soc.，

112,6477(1990).


