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'IWo-dimensional (2D)Fouder-transfOrm(FT)electronparamagneticresonance(EPR)nutation

experimentsweredoneinordertoverifyanomalousHip-angledependenceofaFT-EPRspecnm

ofaphotochemicallygeneratedspin-correlatedradicalpair(SCRP).Itwasdemonstratedbyboththe
experimentandtheorythat thesignalsofSCRPhaveadditionallyhigherandlowernutation

frequenciesthanthatofafreeradical.Thisspectroscopyprovidesadirectspectroscopicevidence

ofspin-correlationwithinSCRRandenablesonetopartiallyseparateSCRPsignalsfifomfree

radicalsignalsinthe2DEPRspectrum.◎〃95A"zericα〃んs""eqfPhysjcs.

FouriertransfOrmelectronparamagneticresonance(FT-

EPR)spectroscopyhasbeenlimelightedduringthelastde-

cadeowing to itsoutstandingfrequencyresolutionand

sensitivity.'Anapplicationinamultidimensionalfashionis
anotherimportantaspectofFT-EPR.2Theexcellent time
resolutionenablesustoobserveshort-livedspecies.3Fora
caseofaphotochencallygeneratedspin-correlatedradical

pair(SCRP),4-6thespinsystemcanbeconsideredasAXor
ABsystemintennsofNMR,whereanexchangeinteraction

betweenthetworadicals isanalogous toaweakhomo-

nuclear spin-spincoupling. Furthermore, SCRP, coming

fromasingletoratripletprecursor,hasanonequilibrium

populationoverthefbureigenstatesofthespin-Hamiltonian

(spin-correlation).ThesepeculiaritiesofSCRPareexpected
tocauseanomalousHip-angledependenceoftheFT-EPR

spectra,accordingtothetheoryproposedbyErnstandhis
associates､7

IthasbeenproposedbyHarashanoriαα1.8andDinse
andco-workers9thatintensitiesofFT-EPRsignalsofSCRP
shouldbeproportionaltosin(2a,whereasthoseoffreeradi-

cals tosine, inacasethatbothunpairedelectronspins

whichconstimtetheSCRParesimultaneouslyexcitedbya

ncrowave(MW)pulseofaflipangleC.Fromtheirtheory,
nutationfiFequenciesofSCRPareexpectedtobetwicethose

offreeradicals・Thisphenomenonhasbeenexperimentally

demonstratedbyHarashanoriaaj､8bycomparingintensities
ofFT-EPRspectraofSCRPwiththoseofastableradical

underasetofvariousmicrowavefieldstrengthatanon-

resonanceposition.

Inthiscommunication,wereportonatwo-dimensional

(2D)FT-EPRnutationexperimentofSCRPgeneratedinthe
photoreductionofacetonewith2-propanol. It iswell

known6''0'''thatSCRPCIDEP(chemicallyinduceddynanc
electronpolarization)signalsofanacetoneketyl-radicalpair
showthefasterriseanddecaythanthoseoffreeradical

CIDEPofanacetoneketylradical.Wecomparethenutation

spectrumofSCRPwiththatofthefreeradicalbyselecting

thetimedelaybetweenthelaserpulseandtheMWpulse.A
one-dimensionalEPRmeasurementwascarrieqoutasusual.

Thetemperatureofthesample,1moldm-3 solutionof
acetone-d6 in2-proPanol-d8,wasmaintainedat-88｡C

throughouttheexperiments・AMWpulsewithadurationof
aboutlOnsfOllowsalasershotofthefOurthharmonicsof

Nd:YAGlaser(266nm)andthequadraturefree-induction-
decay(HD)signalswererecordedwithaCYCLOPSphase

cycle.AmissingpartoftheHDduetotheinstrumental

deadtimewasextrapolatedwithaLPQRDmethod.'2Phase
ofFT-spectrawerecorrectedbyassunngthatthespectraat

delaytimesfrom25メルsto30メルsdonotcontainanydisper-

sivecomponents.Remarkablepatternsofantiphaseddou-

bletswereobservedinthecenteroftheFT-spectrawiththe

delaytimeoflOOnsto3"s.Thesesignalsareattributedto

theSCRPCIDEPsignalsasalreadyreported.6''0'''Thefree-
radicalsignals,duetotheacetoneketylradical,werealso

observedinawiderrangeofdelaytime.TheSCRPsignals

havealmostthesamelineshapesasthoseobservedbythe

continuouswave time-resolvedEPRtechnique,6''0''' and
showedaconstantexchangemtegral lJIwhichis<0.6MHz
withinthelifetime.

Fora2Dnutationexperiment,aone-pulseexperiment

wasmadeasdisplayedinFig.1,'3~'5whereaMWpulse
withvariousdurationsofr,wassynchronizedwiththelaser

flash.SubsequentcomplexFmwassampledalongr2,giv-

inga2DcomplexHDasafUnctionofbothr,andr2.A

two-dimensionalnutationspectrumwasobtainedwithanu-

tationfrequencyof(,), andanEPRfrequencyofの2,after

apodization, zerofilling, and 2D complex Fourier-

transfbnnation, successively.Thetwodifferentdelaytimes

of500nsand8メルswereemployedbecauseSCRPsignals

weredetectedatthefbrmertimeandnosuchsignalsatthe

lattertimeintheone-dimensionalexperiment. InFig.2,2D

nutationspectrawithdelaytimesof500nsand8メルsare

partlydepictedinabsolute-valuerepresentation.Thecontour

plotsareshowninFig.3．Theseplotsarenormalizedtothe

【
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FIG. l.DesignedpulsesequencefOrthe2DnutationexperimentTd isa
delaytimebetweenthelaserpulseandthemicrowavepulse・Oneobtainsa
2DFIDasthefunctionofr, andr2.
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の， ／2兀/MHzmaximumintensities. Two important features shouldbe

pointedoutfromthengures.First, thereexistpeakswiththe
commonEPRandnutationfrequenciesinbothdelaytimes.
Thesepeaks,whichwerefertoasgroupA,hadrelatively
strongintensitiesincomparisonwithothergroups.Second,
inthespectrumof500ns,weseeadditionalpeakswhich
havethehigher(groupB)andthelower(groupC)nutation
frequenciesthanthoseofgroupA.ThegroupApeaksinthe
nutationspectrumof8jLsareeasilyatmbutedtothefree-

radical signals, comparedwiththeresultsobtainedinthe

one-dimensional experiment.As theresonanceoffset in-

creases, thenutation frequencyof thesepeaksbecomes

higher.ThisobservationisfUllyinteIpretedintennsofthe
BIochequations.That is, fbrthecaseoffreeradicals, the

Z-magnetizationisrotatedaroundtheeffectiveMWfield

whichbecomeslargerastheresonanceoffsetbecomeslarger
(offresonanceeffect).l6

Thenutationspectrumwiththedelaytimeof500nsis

notexplainedbytheabovetreatmentandatheorybasedon

thedensitymatrixfbrmalismisrequired.Dinse'stheorycon-

cemingaHip-angledependenceofSCRPsignalsisadequate
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FIG. 3. ContOurplotsofFig. 2withbothpositiveandnegativenutation
frequencies.Strong(f) I=0componentsareduetoanexperimental artifact.

onlywhentheoffresonanceeffect isnegligible.Wemust
takethiseffect intoconsiderationinordertoattainfunda-

mentalappreciationofthenutationspectrumofSCRRIfthe

high-fieldapproximationholds, the spin-Hamiltonianof
SCRPinarotatingframeisgivenby

"0=QQS@z+QbSbz-J(2S｡･Sb+3), (1)

whereノisanexchangeinteractionwithinthepairandQa
andQbaretheresonanceoffSetsofelectronspinsqand6,
respectively.Othersymbolshaveusualmeanings.Theterm
thatexpressesaninteractionbetweenthespinsystemandthe
MWfieldiS

"p=一γαBISuy－γbBISbv, （2）

whereB,denotesthestrengthoftheMW6eldthatfaces

tOwardnegativeyaxis.Timeevolutionofthespinsystem
undertheMWpulseisgovemedby"0+""ifweneglect
spinrelaxationsanddevelopmentsofspinpolarizationsand

assumeaconstantexchangeinteractionintime.Thespin-

densityoperatorrightaftertheMWpulseisthenwnttenby

"+=e-j("0+"")'1"(0)ei("o+",)II （3）ﾂ

whereo(0)isaninitialdensityoperatorandr! expressesthe
MWduration. By taking intoconsideration thepresent
situationwhere γαBI=ybBl～1lMHz>|JI, the spin-

Hamiltonianunder theMWpulse,Ho+"p, almostequal
toasumoftheHamiltonianoftwoelectronspinswithout

the exchange interaction. Using the commutability
ofthese tenns,wecancalculatetheexponentialoperator
ei("0+〃")fi as a tensor product of 2×2 exponential
operators,i.e.,exp{j(Q@Shz-7{zB,Shy)r,} andexp{Z(QbSbZ
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FIG.2.2DFT-EPRnutationspectraofacetone-d6/2-propanol-d8systemat

deiaytimesof500ns(a)and8ﾒﾙs(b). (,)! and(,)2arenutationfrequencyand
EPRfrequency,respectively,andonlythepartswithnegative(,J, areshown.

Thecomponentswiththehigherandthelowernutationfrequenciesare
newlydetectedinthespectraof500ns.
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T)ﾍBLEI.Transversemagen(izationsrightaftertheMWpuiselt)rspin-correlatedradicalpairc()mingfroma

tripletprecurs()r.Meaningsofthesymbolsarecitedinthelexl.

EPR

h･equency TransversemagnetizationahertheMWpulse

Ttsin4'[c｡s26j>{sin"",,+/cOsa,(|-cOs(U!,,,)}

+2sin2,i,{sin(""-"I,),,+icos4,{c｡s"",,-cos(""-",,),!}

+sin((')"+の〃)/､icos4,{cos⑩ﾉ'ri-COS((xj"+の")!,}}]

-古sina,[cos2I%{sin(ut!r!+/cosai(1-cosuj"r,)}

+&sin24,{sin(の"-(JI,)/,+/cos4,{cos(IJI,/,-cos((u"-(,j,i)I,}

+sin((U"+⑳ﾉ,)r,+icos4,{c()sのﾙﾉI-cos((u(,+の〃)/,}}]

*sinaMc｡s24I{sin",,,,+ic｡s4,(|-c｡s"",,)}

+4sin24'{sin(⑳ﾙｰの")/!+/cosiZI{cos(u"r!-cos(のﾙ-uj")r,}

+sin(の〃+(xj")I,+icosa,{cosuj"/!-cos((A)7,+(Ij")II}}]

-古sin4Icos24I{sin(uI,r,+icos4,(I-cos(,jbr!)}

+2sin24I{sin(のﾙｰ⑳")r,+/cos4,{cos(u"r,-cos(の"-(,j")r,}

+sin((,j,,+"(,)I!+icos4'{cos(fj(,/,-cos((IJ,i+の(,)r,}}]

Q(,+､/

Q"－J

Qル＋ノ

Qﾉ,－ノ

ontheproduct-operatorfOnnalism.'7Thespin-polarization
of廿eeradicalscanberepresentedbyalinearcombinationof

S(IzandSI)zandincludesnoS(IzSbz term,evenifthespin-
HamiltonianisthesameasthatofSCRPinthelimitofJ=0.

TheS"zandSbztermscauseordinaryHip-angledependence、

andS(IzSbzdifferentone.
Relative-intensityratiosofthesenutationcomponents

aredeterminedbytheresonanceoffSetfeltbythecoupling

parmerspin・ InFig. 4, nutationfrequenciesofrelatively

strongcomponentsarecollectedinsomecombinationsof

resonanceoffsets・Whenbothspinsareclosetotheon-

resonanceposition, nutation frequencies ofのα+Q)b are

detected.Thesecomponents, thus,givehighernutationfre-

quencies・ThegroupBpeaks, inthenutationspectrumatthe

delayof500ns,behave inthisway, soweconcludethat

－協βISby)r, },wheretheseoperatorscanbederivedanalyti-
cally.SincetheJvalueisalsomuchsmallerthanthehyper-

finecouplingconstant,～8.2MHz, all combinationsof

nuclearsubstatesthatpracticallycontributetothespectrum

oftheSCRPhavelQ"-Qblwhichismuchlarger than
lﾉ| .Thissituationalsoallowsustoassumethat theeigen-
basesof"oisnotsofar廿omtheproductbases(approxima-

tionoftheAXsystemintermsofNMR)andtheinitialcon-
ditionistakentobe

αα αββαββ

㈹㈹㈹Ⅲ ㈹ぴ(0)＝

whenthepairiscreatedfromatripletprecursor.Singlequan-
tumcoherencesassociatedwiththeEPRtransitionsimmedi-

atelyaftertheMWpulsearesummal･izedin'Ihblel. Inthis

table,のαand(x)barenutation廿equenciesofspinsuandlフ

observedwhentheyareexistingasfreeradicals, respec-

tively,andthesetermscome廿omthefOllowingtypeofex-

presslon:

γαBl BI
tan8"= （5）ニーニ

Qa ABI (, .

Here,ABI(! isidentical tothehypothetical residual fieldin

therotatingfi･ameand8adenotesadeviationfromtheon-

resonanceposition(βα=7r/21bron-resonanceand8a-'0

colTespondstothelimitofoffresonance).Whatshouldbe

emphasizedinthefOrmulas listedinnblel istheexistence

ofhequenciesofのα＋のﾉ) andのα－のb associatedwith

eachEPRtransition.Anoriginofthesenutationheequencies

ofthenonequilibratedspin-polarizedSCRPis ､Glongitudinal

two-spinorder''whichhasarepresentationofS(IgSﾙ弓based

し
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completecalculationoftimeevolutionofthespin-density
operator.Furtherstudiesincludingjusti6cationoftheabove
assumptionsarepublishedelsewhere.
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thesegroupBpeaksarisefromtheSCRPwithcombinations

ofnuclearsubstateshavingsmallresonanceoffsets.Onthe

contrary, lowernutation廿equenciesthanthatoffree-radical

signalsandlargeoffsetfrequenciesareconnectedbygroupC

peaks.ThesepeakscomefromtheSCRPwithcombinations
whereoneelectronspin(werefertospinq)isllearthereso-
nanceconditionandtheother(spinb) is伽fromit. Inthis

case,fOrtheEPRtransitionofspinq,wehavenutationfre-

quencyofのα,andfOrthatofspinl7,nutationfrequenciesof
のa (insteadofのb), のα＋のb andのα－のbareexpected.

Here, amongthenutationfrequenciesofspin6,のαand

のα－のbare lower thanのb, and⑩α＋のb ishigher than

(L)6.WetherefbrereferthefbITnerfrequenciesto@Glowernu-

tationfi･equenciefandthelatterto @Ghighernutationfre-
quencies.''As nutation frequencies ofのα+(I)b andのα

－の,)varywiththechangeofoffSetsofbothqandlﾌ, these

components tendtospreadinhomogeneouslyinthespec-

trum.Onthecontrary,componentswithnutationfrequencies

ofのashowlesstendencytospreadout,sothesepeaksmay

surviveinthenutationspectrumconstimtedfromthecontri-
butionsfrommanycombinationsofnuclearsubstates.We

cantherefOresay that the lowernutationfrequenciesof

groupCpeaksarecomingfromtheEPRtransitionsofthe

coupling-partnerspinlocatingclosetoon-resonance.

Consequently, ithasturnedoutthatthis2DEPRspec-

troscopygivesadirect spectroscopicevidenceofspin-
correlationexistingwithinphotochemicallygeneratedSCRP;

anonnalousnutationfrequenciesofSCRPsignalsverifythe

nonequilibriumpopulationaswellasthespin-Hamiltonian,
althoughcompleteseparationofSCRPsignalsfromfree-

radicalsignalscouldnotbeattainedduetotheoffresonance
efrect.ThecorrelationsofEPRfrequenciesandnutationfre-

quenciesobservedinthenutationspectrumweresimplyin-
terpretedintennsofthefbnnulasdedvedundertheassump-

tionsofthesmallexchangecoupling.Theeffectoflarge

exchangeinteractrioncanbeincludedwhenwecarryoutthe
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