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Two-DimensionalFourier-TransformEPRNutationSpectroscopy
ofSpin-CorrelatedRadicalPairs
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TheanomalousHip-angledependenceoftheFourier-transfOrm

EPRspectrumofphotochemicallygeneratedspin-correlatedradi-

calpair(SCRP)wasverifiedbymeansofatwo-dimensionalFT

EPRnutationtechnique・TheSCRPsignalswerepartiallysepa-
ratedfromfi･ee-radicalsignalsinthe2DEPRspectrum;SCRP

showedadditionalhigherandlowernutationfrequenciescom-

paredwiththoseofthefreeradical・Theoreticalanalyses,including
offresonanceeffects,aremadetoexplaintheexperimentalresults.
◎1”5AcademicPress,Inc．

tripletprecursor, it isinanonequilibriumspinstate(spi"
corre/α"o").

IthasbeenshownbyMooreaal. (9)andDinseαα/. (IO)

that thesepeculiaritiesofSCRPs leadtoananomalousflip-
angledependenceoftheFTEPRspectmm.Simlarsimations

hequentlyoccurinthesmdyofchencallyinduceddynamic

nuclearpolarization(CDNP)byFTNR胚《, andthegeneral
theolyhasbeengivenbyErnstandhisassociates(").Ac-

coIdmgtoDinse'stheoly,signal intensitiesof廿eeradicalsal℃

propoItionaltosinC,whereasthoseoftheSCRParepropoItional
tosin(2"),whereCistheHipangleofthencroWave(MW)

pulse.Nutation廿equenciesoftheSCRParethelefbl℃expected
tobetwicethoseoffTeeradicals.

Mooreaa/.havereportedexperimentaldemonstrationofhs

phenomenoninthesmdyofaphoto-mducedelectrontIansfer

reactionfOrthecarotenoid-poIphyrin-qumonennkedsystem(9).
TheycomparedtheintensityoftheFTEPRsignalaton-I℃so‐

nancepositionfbrasetofvaliousmcrowavefieldsnsengths.
Inthiscontribution,wereportexperimentalconfirmation

oftheHip-angledependenceoftheSCRPsignalinthephoto-
inducedhydrogen-abstractionreactionofacetonewith2-

propanol,bymeansof2DFTEPRnutationspectroscopy.
ManystudieshavebeenreportedfOrthissystem(4,16,17),
andithasbeendemonstratedthatvariouskindsofchemi-

callyinduceddynamicelectronpolarization(CIDEP)mech-

anismscontributetothetemperaturedependenceoftheEPR
spectra.Especiallyatlowertemperatures,SCRPCIDEPis

detectedatanearlytimeafterthelaserexcitation,accompa-
niedbyfreeradicalCIDEPduetotheS-ToandS-T_

mixingsbytheradicalpairmechanism(RPM).Wewere

abletoexaminetheilip-angledependenceofSCRPsignals
andfree-radical signals intheFTEPRspectrabyvarying
thedelaytimefromthelaserpulse.

INTRODUCTION

Duringthepastdecade,manyattempts tostudyspin-
correlatedradicalpairs(SCRP)(I－ギ),generatedbyHash
photolysisofanappropriateprecursor,havebeenmade.Re-

centlydevelopedFourier-transfOrmEPRspectroscopy(5)
hasbeguntoyielddetailedinfbrmationaboutkineticsand

structuresofSCRPaswellasothertransientspecieswith
theaidofitsexcellent timeand廿equencyresolutionand

sensitivity,althoughthesespecieshavebeenconventionally
studiedbymeansofthecontinuouswavetime-resolved(CW

TR)EPRtechnique.However,themostremarkablefeature

ofFourierspectroscopyis thepossibilitytoextendit to

multipledimensionsandmanipulatepulsesequencestogive
moredetailedinfbrmationaboutaspinsystem. InNMR,

manyhndsofmultidimensional spectroscopieshavebeen
successfilllydeveloped(6).Onthecontrary, inEPR,only
afewtwo-dimensionalEPRexperiments, fOrinstance,2D
exchangespectroscopy,arereported(ス8).

Whenonedesignsanewexperimentofpulsedmagnetic
resonance,oneshouldfOcusattentiononthespinHamilto-

nianaswellasontheinitialpopulationofaspinsystem.
FromthispOintofview, theSCRPisaninterestingtopic
fOr2DEPRspectroscopy.First, anexchangeinteraction
betweentworadicalsexistswithinthelifetimeofthepair.
Thisinteractioncanbeanalogoustoascalarspin-spincou-
plingbetweennuclearspinsinhigh-resolutionNMRinliq-
uid.Second, sincetheSCRPiscreated廿omasingletora

ト

0

EXPERIMENTSANDDATAPROCESSING

X-bandFTEPRmeasurementswereperfoITnedwitha
BrukerESP-380Espectrometer.Homogeneousandstrong
MWfieldswereobtainedwithadielectricresonatorofsap-
phire.Thesample, 1moldm~3solutionofacetone-dbin2-*TowhomcolTespondenceshouldbeaddressed
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FIG.2. One-dimensionalFTEPRspectraoftheacetone-d6/2-propanol-

d8 systemtakenat－88oCwithvariousdelaytimes7d.Thespectl･aare

obtainedafterreconstructionofthemissmgpartoftheFIDandsubsequent

Fouriertransformation，ThesignalsoftheSCRPareseenwitharangeof

'rd fmmlOOnsto3"sas theremarkablepattemsofantiphaseddoublet
reatul．e、

FIG. 1． Pulsesequenceforthe2DFTEPRnutationexperiment:aMW

pulseissynchronizedtothelaserpulse.When/, ischangedinastepwise

manner, theFIDsignal isacquiredalongr2.

propanol-d8,wasilTadiatedbythefOurthharmonic(266nm)

ofaSpectra-PhysicsQuanta-RayGCR-14SNd:YAGlaser

witharepetitionrateoflOHz.Inordertointroducethe

excitationlaserpulses, thevariabletemperatureapparatus

wasmodifiedfOrpulsedEPRmeasurements.Thetempera-

turewascontrolledbyaBrukerB-VT2000.Thesample

temperaturewasmeasuredbyathermocoupleandmain-

tainedatl85KbynowingcoldN2gas.ThepulsedEPR

experimentwasmadebyutilizingoneMWpulsesynchro-

mzedtothelaserpulse.Noticebledepletionofthesamplewas

notobservedthrOughouttheexperiment.

Intheone-dimensionalexperiment, thedurationandthe

fieldstrengthoftheMWpulsewereabout lOnsand0.6

mT,respectively.Thequadrature廿eeinductiondecaywaS

recordedinstepsoflOnsby512stepswithCYCLOPS

phasecycling. InordertoobtaininfOrmationaboutthephase

andtoavoiddistortionofspectra, amissingpartoftheFID

duringtheinstrumentaldeadtime､about88ns,wasextrapo-

latedwiththeLPQRDmethod(J3).ThephaseofFTEPR

spectrashowingCIDEPeffectSwascorrectedaccordingto

thephaseofthespectraatthermalspinequilibrium.

Atwo-dimensionalnutationexperimentwasdesignedas

showninFi9. 1(12-").Afterthelaserpulse,aMWpulse

wasappliedduringr, andthesubsequentquadratureFID

wassampledalongr2.Thisexperimentwasrepeatedfora

seriesofvariousハvalues,givinga2DcomplexFIDS(r1 ,
r2),whichwasFourier-transfOrmedinbothdimensionsto

yieldthe2DnutationspectrumS(Lu1,(Lﾉ2).Here,"! and(4)2

areanutationfiequencyandanordinaryEPRfrequency,

respectively.ThedurationoftheMWpulse, r, , is incre-

mentedin64stepsof8nsandtheFIDwassampledinl28

stepsoflOnswithanacquisitiontimeofaboutanhour・The

spectrawereobtainedattwodifferenttimedelays,500ns

and8/Jsafterthelaserexcitation.Othersettings,exceptfOr

theMWfieldstrength,werethesameasthoseinthe lD

experiment.Thecomplex2DFIDswereapodizedwitha
Hanningwindowineachdimensionandzero-filledto256

X512matricespriortotheFouriertransfonnation.

RESULTS

IDEvうど河加e"rs

One-dimensionalFTEPRspectrawithvariousdelaytimes

'rdareshOwninFi9. 2．Thecentralhyperfinelineofthe

spectraatearlytimes (fromlOOns to3"s) shows the

pattemofanemission/absorption(E/A)antiphasedoublet.

ThesesignalsareattributedtoSCRPCIDEPsignalsasal-

readyreportedbyCWTREPRstudies inthis system

(J6,17).Thesesignalsincreaseduptol"sanddecayed
within3/Jsafterthelaserexcitation.Theriseanddecayof

thefree-radicalcomponentwereslowerthanthoseofSCRP.

PartialexpansionsoftheSpectrawiththedelaytimesof500

nsand8/JsarealsopresentedinFig. 3.

2DﾉV"""o"Exper/"'eﾉ”

Two-dimensionalnutationspectraobservedatdifferent

delaytimesof500nsand8"sareshowninFig.4in

absolute-valuerepresentation.ThecontOurplotsofthese

spectraaregiveninFi9.5.Twoimportantfeaturesofthese

2Dnutationspectrashouldbenoted.First,thepeaks(Group

A)havingthesameEPR廿equenciesandnutationfiequen-

cieswereobservedintheSpectrawiththedelaytimesof

both500nsand8"s.Second, therewererelativelybroad
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FIG.3. PartialexpansionofthelDFTEPRspectra,displayedinFig.

2,withdelaytimesof500ns (solidline)and8"s(brokenline)An

antiphasedollbletsignal, atmbutedtoSCRPCIDEP,appearsmthespec-
trumfOr500ns．
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FIG､4. Absolutevalue2DFTEPRnutationspectraoftheacetone-d6/2-propanol-[ﾉ8systemat-88･CTimedelaysfi･omthelaserexcitationare500

ns(a)and8"s(b).Here, (人ﾉ, andLAJ2arethenutationfrequencyandEPRfrequency,respectively.

andweakpeaksthatappearedinahigher-nutation-frequency

region(GroupB)andalsoinalower-nutation-frequency

region(GroupC)inthespectrumat500ns. InFig.6, these

threegroupsareclearlylabeled.

InareferenceframerotatingwiththefrequencyoftheMW

source, themagnetizationrotatesaboutaneffectivefield,

whichdependsontheresonanceoffsetQ・Theeffectivefield

BewisdeterminedbythehypotheticaloffSetfield

THEORYANDDISCUSSION Ｑ
｜
γ

Ｂ△ l1l

AccordingtothetheoryproposedbyDinseandco-work-
ers,highernutationfrequenciesareexpectedtobeobserved
fOrSCRPthanfbrfreeradicals.However, theexistenceof

peakswithlowernutationfrequencies(GroupC)couldnot

beexplainedbytheirtheory・Ontheotherhand,asshown

byErnstaaj.,theanomalousHip-angledependenceofthe

FTspectrumisobservedonlywhenaspinsystemishomoge-

neouslyexcitedbyanexcitationpulse.Forhigh-resolution

NMRinliquid, thissituationholdsgoodbecauseofthe

relativelynarrowspectralbandwidth.InEPR､however, itis

difficulttoexcitethewholespectrumhomogeneouslybythe

MWpulse.Thus, inthe2DnutationexperimentsinEPR,
wemustconsideroffresonanceeffects.

alongthelongitudinalaxisandbytheMWfieldB' inthe

transvel･seplane(Fig.7)asexpressedby

Ber=,/Bf+AB2 [2］

anditstiltangle9isgivenby

B,
tan8=

八月
[3］

h

Thenutationfi･equencyLLﾉundertheMWpulseisgivenby

Q豊Reso"α"ceaガセCrSん『Ⅳ"rα"O"Fre9"e"ciesqfr/ne
ノSo/a彫aRaajc"J

しり=7Beff. [4］

Ifweneglectspinrelaxationanddevelopmentofspin

polarization, thespindynamics isgovernedbynutation

andprecessionduringtheMWpulse. Inthecaseofan
isolated radical、 the densitv-matrix theorv is com-

ご ヴ

pletelyreducedtothetreatmentoftheBlochequations(I8).

Itshouldbenotedthat thenutationfrequencyincreases

withincreasingresonanceoffsetQ.WhentheMWfieldlies

alongthe-yaxis､ransversemagnetizationimmediately

aftel･ theMWpulsewithdurationofr, isproportionalto
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FIG.5.ContourplotsofFig.4.Delaytimesare500ns(a)and8/js(b),respectively・Thepeakswiththehigherandlowernutationfrequencies
appearinthespectrumfOr500ns,comparedwiththenutationfrequenciesofpeaksinthatfOr8ILs.Strongcomponentsof(AJI=0werecausedbyan
expedmentalartifact.

sin9{sinuJr!+icos9(1-cosLu/,)} M"α伽〃BelzcMorqfr/'eSCRPSig"αj

Whenwetakeintoaccountonlynutationandprecession

underaconstantexchangeinteraction,thetimeevolutionof

aspin-densityoperatorointherotatingframeiSexpressed

fromthewell-knownLiouville-vonNeumannequation(I9)
as

[5］

Thefactorofcos91eadstoanasymmetryinthenutation

spectrumwithrespecttoLAJ=0andtheintensityratioofthe

+(AJtO-uﾉpeaksisdeterminedbythisfactor.Thenutation

spectrumobtainedatthedelayof8ILs,whennoSCRPwas

detectedinthelDspectrum,canbeinterpretedbytheabove

theory.WetherefOreconcludethatthereexistsonlytheZ

magnetizationofthefreeradicalat8/LsfromboththelD

andthe2Dexperiments.
o(r!,r2)=exp(－〃fbr2)eXp[_i(JIb+3fp)r,]

×o(0)exp[j(JfO+｣ういr,]exp("fbr2). [6]

Here:7fOistheunperturbedHamiltonianoftheSCRP,Jfpis
theperturbedHamiltonianthatexpressesaninteractionwith

theMWpulseintherotatingframe,andr,andr2areevolu-

tiontimeswithandwithouttheMWpulse、 respectively.

Whenthehigh-fieldapproximationisvalid, theisotropic
spinHamiltonianoftheSCRPinthelaboratoryframe(4)

isexpressedby
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FIG､6． LabelingofthegroupsofpeaksA,B,andCinFig.5a.The

GroupApeaksaresurroundedbysolidlines, theGroupBbrokenlines,

andtheGroupCdottedlines.CorrelationbetweenEPRfrequencyand
nutationfrequencyintheGroupApeaksisalsodepicted.

X

FIG､7． Effectivemagneticfieldintherotatingframe.Theeffective

fieldBeff,acompositevectorofB, andAB, isdisplayedforacase
whereanappliedMWfleldB, liesalongthenegativeyaxis.
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Because[3(h, #7(b]=0,

expli(wb+7(b)r,]=expli(7(h+7(6)r,]

=exp("far!)exp(j7(br,), 114]

whereJisanisotropicexchangeinteractionbetweentwo

radicalsaandb,andothersymbolshavetheirusualmean-

ings.TheSpinHamiltonianintherotating廿ameisrewritten
as

whereexp("",)andexp(i"br,)canbederivedanalyti-

cally.IfweletZ､betheunitarytransfOrmationwhichdiago-

nalizes3(A,andEabethediagonalizedoperator, i､e.,7(b=QaSaz+QbSb:-J(2SaSb+;), [8］

E,=T3!3(m,whichisspannedbytheelectron-spinbasis.HereQaandQb

representtheoffsetfrequenciesofelectronspinsaandbin
thereferenceframe,respectively・Ontheotherhand,when

[15]

weobtain

血､割叩帥淵即吟

‐血仙偽附）
[16]

theMWfieldisalongthenegativeyaxisinthisframe,WP withthetiltangleeafbrtheeffectivefieldofspinainthe
iswrittenas rotatingframeas

⑫Ⅲ’"一等金
'(b=－γaB'Say-γbBISby･ ［9］

＝＝

Thetwo-dimensionalFIDiscalculatedasfmctionsofr,and

r2: andwiththenutationfrequency

[17]

S(rl, r2)=tr{O(rll r2)(Sx+jSy)} [10］ "J｡=Im~r瓦瓦ア [18］

Incidentally, thecalculationoftheexponentialoperator

expli(3fb+7(b)r,]requiresdiagonalizationofa4×4Her-
mitianmatrixandmustbeperformednumerically. Inthis

paper,weobtainaseriesofanalyticalexpressionsfOrthe
nutationfrequenciesoftheSCRPbyutilizingthetwoas-

sumptionsthattheexchangeinteractionismuchsmallerthan
boththeinteractionofthespinsystemwiththeMWfield
andthedifferenceintheoffSetfrequenciesoftwoelectron

spins.Underthefirstapproximation, thespinHamiltonian

duringtheMWpulseisalmostequaltoasumoftheHamil-
toniansoftwoelectronspins,namely,

Inthesameway,wederivethematrixfOrexp(j,yrbr,),and

thetensorproductexp(j",r,) exp(j,7(br,) iscalculated.

Underthesecondassumptionweobtain

|Q｡-Qbl>|J| [19]

Inthislimit,asfbureigenstatesoftheunperturbedHamilto-

nianlfOarenotsofarfi･omtheproductbases,αα,αβ,βα，

ββ, theinitialdensitymatrixisregardedtobe

αα αββαββ

｜△ β ⑫ "｜ ⑫Ⅲ
ぴ(0）＝[11]7(p+.Wb-:"+:J(6,

where



201EPRNUTATIONSPECTRAOFRADICALPAIRS

pairisatthennal spinequiUbriumathightemperamres, that
is,A-B=A-C=B-D=C-D=-6<0,the

transversemagnetizationconcemingtheEPRtransitionofspin

arightaftertheMWpulseiSexpressedby

IfthedensitymatrixjustaftertheMWpulseisexpressed
as

[exp("(ar,) exp(〃ｲbr!)]-!

×o0[exp("(ar,)@exp("(br!)]

αα αββαββ

曜 ｜
:＝＝

o(r!,0)=

f6sin8:,{sin"!+icos8｡(1-cosujar!)} [24]

andsimilarexpressionsholdtruefOrtheothertransitions.

FromthisfOrmulaweexpectthatthenutationhequencies

oftheradicalpairarethesameasthosefbrthefi･eeradicals.

Next,weconsiderthenutationfi-equenciesofaSCRPfOr
variouscombinationsofresonanceoffsets.Inthelimitwhere

bothelectronspinsareon-resonance,modulationofFID

intensitiesbytheMWdurationr, isgivenby

[21]

withtheassumptionofthesmallexchangeintegral, time

evolutionduringr2yieldsthedensitymatrix(ﾉ0)

o(r!,r2)

αβ

FeXP[-i(Qb－ノ)r2]
、ノ

/Vexp[i(Qo－Qb)r2]

Rexp[i(Q"+J)r2]

βα

Gexp[-i(Q"-J)r2]

KeXPl-i(Q"-Qb)r2]
O

SeXP[i(Qb+J)r2]

ββ

"exp[-i(Q"+

Lexp[-i(Q｡+

PeXP[-i(Qb+
丁

αα

E

JeXPli(Qb－J)r2]

Mexp[i(Q&－J)r2]

QeXP[i(Qo+Qb)r2]

１ワ
』
君
Ｉ
Ｊ
１
ｌ
ｊ

ｆ
Ｇ
２
２

ｊ
泣
泣

Ｑ
Ｊ
Ｊし

[22］ﾆニニ

士士sin(2uJr,) [25］

Sincethe2DFIDobtainedbyEq. [10]isexpressedas

ThisexpressionisidenticaltothefbrmulaproposedbyDinse

aa/. givinganutationfrequencyof2",where(AJ is the

nutationfrequencyofthefreeradical.That istosay, the

nutation廿equenciesexpectedfromDinse'stheoryarerea-

sonableonlywhentwoelectronspinsareunderanon-reso-

nancecondition・ Incontrast, ifonlyoneofthetwoelectron

spinsisexcited,e.g., spina, transversemagnetizationafter

theMWpulseisexpressedby

s(ハ, r2)=ノexpli(Qb－ノ)r2]+Mexp[i(QハーJ)r2]

+ReXP[i(Q"+J)r2]

+Sexp[i(Qb+J)r2], [23]

R,M,S,and/determinethenutationfrequenciesassociated

withfburEPRfrequenciesofQa+J,Q1-J,Qb+J,

andQb－ノ,respectively.Thecalculationofsingle-quantum

coherencesgivesfbrmulasfOrthenutationfrequencies.The

expressionsobtainedaresummarizedinTablel.

Itshouldbenotedfromthesefbrmulasthat, ingeneral,

fburnutationfi･equencies(exceptfbrDCandnegativefre-

quencies)aredetectedinthespinsystemcomposedoftwo

spinsofS=:,whenthespin-spincouplingisweak.These
fburfrequencieSare(AJa,(AJb,(･(Ja+(人ﾉb,and(人ﾉa-(AJb.Among

these, ujaand(人ﾉbarethesamenutationfrequenciesasob-

servedoriginallywhenelectronspinsaandbexistasisolated

freeradicals,respectively.

AsshowninTable2, inthecaseofaSCRPcomingfrom

thempletprecursor,onecanputA=D=;andB=C=
1

6

intoEq. [20]andobtainaseriesofexpressionsfOrthetrans-

versemagnetizationaftertheMWpulse・Forthetransition

withthefi-equencyofQa+J, therelativeintensityofthe(AJa

componenttothe(人ﾉb9uノa+('Jb,anduji!_(人ﾉbCOmPOnentSiS

detenninedonlybythetiltangle8bthatisrelatedtothereso-

nanceoffSetofspinl)・Ontheotherhand,whentheradical

士士sina!{sin(AJar!+Icos8a(1-cos(AJar!)}. [26]

hthiscase,onemayobservethesamenutationfi･equencies
asthoseofthefi･eeradical (selectiveexcitationeffect).This

selectiveexcitationefMectishypelfineselectiveanddiffers廿om

thespin-selectiveexcitationeffectwhichispopularinNMR.

Whenwesimulatethe2DnutationspectrumofaSCRP,

weshouldconsiderallcombinationsofnuclearspinstates.

Here, thenuclearspinstatecontributestotheresonanceoffSet

oftheelectronspin.ThedominantnutationiTequenciesfOr
typicalcombinationsofresonanceoffSetsaresummalizedin

Fig. 8.Whenbothelectronspinsareatalmoston-resonance

condition,2(人ﾉisobservedasthenutation丘equencythatcontri-

butestoanutationhequencyhigherthanthatof廿eeradicals

inthe2Dspectrum.Ontheotherhand,whenspinaisnear

theresonanceconditionandspinbisfar廿oInon-resonance,

thenutation廿equencyfbrthetransitionsofaisexpectedto
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TARIE1

ExpressionsfOrtheTransverseMagletizationlmmediatelyaftertheMWPulsefbraSpinSystemComposed
l

ofTwoSpinsofS=;

EPR

frequency TransversemagnetizationjustaftertheMWpulse

ｻsin8a[{(1－』Sin29b)(D-B)+2Sin29b(C-A)}{SinUJ'r!+jCOSea(1-COSUjar!)}
+;{(D-B)-(C-A)} sin28b｢sin(""-"b)rl+icos8b{cosuJbr!-cos({-ujb)r!}
+sin((4ﾉ｡+"ﾉb)/!+iCOS9b{COSL&ﾉbr!-COS(Uﾉ&!+(人ﾉb)r!}}]

Q&!+J

:sinal[{(l－とsin29b)(C-A)+;sin29b(D-B)}{sin"ﾉ副r,+/COS8a(1-COSLLJar,)}
+;{(C-A)-(D-B)}sin29b{sin(""-"b),,+icoseb{cos"br!-cos((""b)r,}
+sin((人ﾉ"+(AJb)r!+iCOSeb{COS(人ﾉbr!-COS((AJ"+L&ﾉb)r!}}]

Q&!-J

;sin8b[{(1－当Sin28m)(D-C)+3Sin29m(B-A)}{SinUjbl!+iCOS9b(1-COSUjbrl)}
+;{(D-O-(B-A)}Sin28a{bin(Ujb-UJ"),!+iCOSe｡{COS"!-COSい－"ﾉ測)r!}
+Sin((AJb+(AJ;l)r!+/COS8a{COS"ﾉaハーCOS(LUb+LAJa)r!}}]

Qb+J

fsin9b[{('－とSin28")(B-A)+;Sin2a,(D-C)}{SinLJbr!+iCOS9b(1-COS"b'!)}
+;{(B-A)-(D-C)}sin28｡{sin("､－(AJa)r!+jCOSea{COS(AJa/!-COS((AJb-(AJa)r!}
+sin((人ﾉb+LAJa)r!+jCOS9a{COS(人ﾉar!-COS(Uﾉb+(人ﾉ狐)r,}}]

Qb-J

Nore.Themeaningsofthesymbolsaredefinedinthetext

be(AJa,andthoseofelectronspinbareuja(insteadof(Aﾉb)' ('(Jb

+(AJa,(AJb-(L)a.Since(AJaisthenutation廿equencyofelectron

spinaandtheresonanceoffSetofaissmallerthanthatofspin

b, thisfrequency(人ﾉaislowerthanthenutation廿eqUenCy(Ub･

Consequently, inhscasethe(人ﾉaandthe(AJb-(人ﾉacomponents

conmbutetothelowernutationfifequencies.Moreover,when

bothelectronspinsarefarhomtheon-resonancecondition,

thenutation廿equenciesofbothelectronspinsareequal to
thoseofthe廿eeradicals.

hthe2Dnutationspectrumat500nsafter巾elaserexcitation,

twocomponentshavinghigher(GroupB)andlower(Group

C)nutationfi℃quencieswelenewlyobserved・TheGroupB

TARIE2

TransverseMagletizationImmediatelyaftertheMWpulsefOrSCRPComingfromaTripletPrecursor

EPR

frequency TransversemagnetizationaftertheMWpulse

*Sin8m[COS29b{Sin,Uar!+iCOS8m(1-COSUﾉar,)}
+&Sin29b{Sin("｡-"ﾉb)r!+iCOS8b{COS(Ubr1-COS((U｡-(4Jb)r! }
+sin((人ﾉ｡+UJb)r1+/COS9b{COS(人ﾉbr1-COS((4J"+"ﾉb)r,}}]

Q&!+J

-古Sin9a[COS29b{Sin(AJar!+iCOS9a(1-COS(AJarl)}
+4Sin29b{Sin("｡-"b)'|+iCOS9b{COS"ﾉbr!-COS((LJ"-(ムノb)r1 }
+sin((人ﾉ｡+(4Jb)ハ+iCOSeb{COS(4ﾉbr!-COS(L4J｡+(Aﾉb)r,}}]

Qa-J

*sin9b[cos29｡{sinujbi1+icos9b(1-cosujbr!)}
+2Sin29｡{Sin("b-"a)r!+iCOS8m{COS"ﾉar!-COS((Ub-(4)a)r! }
+Sin(L4Jb+(Ja)r1+jCOSa!{COS(Aﾉur,-COS({AJb+(AJa)r!}}]

Qb+J

~たSin9b[COS29a{SinLLjbr!+/COS9b(1-COS(AJbrl)}
+;Sin29a{Sin(Ujb-(AJa)',+/COS8"{COSUjar!-COS(Ujb-",:,)r, }
+Sin((AJb+(Aﾉa)r!+jCOS9a{COSUjar,-COS({AJb+LLja)/!}}]

Qb-J

ﾉVひ'"TheseexpressionsareobtainedbysubstitutingA=D=;andB=C=:intothefOrmulasinTable!
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FIG､9. Calculated2DFTEPRnutationspectrumoftheacetoneketyl

radicalpaircreatedfromthetripletprecursor.Nocontributionfromthe
freeradicalCIDEPwastakenintoconsideration・Parametersusedhereare

tabulatedinTable3．

FIG､8． TypicalnutationfrequenciesfbraSCRPinsomecombination

ofresonanceoffSets,obtainedbythefbrmulasshowninTable2.Broken

linesindicateon-resonancepositions.ThepresenceofDCcomponentsis
notshown．

hyperfinelinescenteredmthespectrumaremuchlargerthan
thoseoftheothers.Thel℃fbre.contributionsfiomcombinations

involvingthehypelfinehescenteledinthespectrumseemto

bedomnant・Relativeintensitiesofpeakswiththesumandthe

differencenutationfiequenciesoftwospinsmustbetooweak

tobedetected.Consequently, theGroupBandtheGroupC

peaksgivediIectevidencethatthespinsystemiscomposedof

twoelectronspinsandhesmanonequiUbdumstate.Onthe

otherhand, theGroupApeakSinthespectrumat500nsmay

containconsiderablecontributions廿omSCRPsignals,although

巾enutationfiequenciesoftheGroupApeaksequalthoseof
fTeeradicals.

Finally,wetrytosimulatetheobserved2Dnutationspec-

trumofaSCRP.Accordingtotheafbrementionedtheory,

wecannumericallysolvethetimeevolutionofthespin

densitymatrixwithoutneglectingtheexchangeinteraction

J. Inthecaseofatripletprecursor,aninitialdensitymatrix

hasoffLdiagonalelementsintheeigenbasis,U'!,J'2,J'3,and

J'4,oftheunperturbedHamiltonian,7(O(zero-quantumcoher-

ences,ZQC).ForthecaseoftheSCRPinliquid,ZQCwill

rapidlydisappearduringtheearlytimeofphotochemical

reactionstogiveanincoherentstate,duetoeffectivenuctua-

tionsofノ.Hence,weadoptedthedensitymatrixbefOrethe

MWpulseas

peaksappearedclosetotheon-resonanceconditionandhave

nutation廿equenciestwicethoseofthe廿eeradicals.Thesepeaks

al･eassignedtoarisefTomthecombinationsofhyperiinehnes

withsmallresonanceoffSets,and, therefble, thesepeakshave

mghernutation廿equencies.Onthecontrary,theGroupCpeaks

a1℃positionedfarfTomtheon-resonancecondition,havingnuta-

tion廿equencieslowerthanthoseexpectedfbrtheisolatedelec-

tronspinsofhyperfinelineswithlargeresonanceoffSets.These

peaksal℃thoughttocomehomthecombinationsbetweenthe

hypeIflnelineswithsmallresonanceoffSetandthatwithlarge
resonanceoffSet. Inhscase,asdiscussedabove,oneofthe

nutadonfTequenciesofthespm,beingfar廿omtheresonance

condition, isexpectedtobethesameasthatoriginallyobserved

fbrtheisolatedpartnerspin.Hence,thelowernutationfiequen-

ciesofGroupCpeaksareattributedtothepartnerhyperfine

hnespositionedcIosetoon-resonance.Whenwesumupall

thenuclearconfigurations, thestatisticalweightingfactorsof

TARIE3

ParametersUsedintheCalculationof2DFTEPRNutation

SpectrumofFig.8

Parameter Value
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lowernutationfrequencieswerenotexplainedwithout
considerationoftheoff-resonanceeffect.

Inthis2Dspectroscopy,theSCRPsignalwaspartially
separatedfrOmthefree-radical Signal forthefirsttime
andgavedirectspectroscopicevidenceofspincorrela-
tioninthetransientradicalpair.

5.LKevanandM.K・Bowman(Eds.),! @ModernPulsedandContinu-

ousWave日ectronSpinResonance,''Wi ley,NewYork, 1990.

6． R.R.Ernst,G.Bodenhausen,andAWokaun(Eds.), & $Principles
ofNuclearMagneticResonance inOneandTwoDimensions,''
Oxford,NewYork,1987.

7. J.GorcesterandJ．H. Freed,J.Chem･P/7ys.85,5375(1986).

8.A.Angerhofer,R. J.Massoth,andM.K.Bowman, ノsr．J･Che、．

28，227(1988)．

9. K.Harashanori,H.Levanon,J.Tan9,M.K，Bowman,J.R.Norris,

D.Gust,T.A.Moore, andA. L.Moore,J.Am．C/7em.Soc， 112,
6477(1990)．

70. G.Kroll,M.PIOschau,K.-P.Dinse,andH.vanWilligen,J.C/7em.
PI7)/s.93,8709(1990).

77. S.Schaublin,A.H6hner,andR．R.Ernst,J,Magn.Reson、 13, 196
（1974)．

72.A.SamosonandE.Lippmaa,Chem・Phys. Lerr. 100,205(1983).

73. F．M.M.Geults,A.P.KKentgens, andW.S.Veeman,C/7em.
P/7ys.Le廿. 120,206(1985).

74.A. P.M.Kentgens, J. J. Lemmens, F.M.M.Geurts, andW.S.

Veeman,J.Magn.Reson.71,62(1987).

75. J.Tang,CP.Lin,andJR.Norris,J.Magn.Reson.62,167(1985).

76. K.Tominaga,S.Yamauchi ,andN.Hirota,J.C/7em.PI7j/s､88,553
（1988)．

77. K.Tominaga,S.Yamauchi,andN.Hirota,J･C/7em.Phys.92,5157

ACKNOWLEDGMENTS

Thisworkwas supportedbyGrants-in-AidfOrScientificResearch

06640711(M・I.),04242102(S.Y.),andO6239208(S.Y.)fromtheMinistry

ofEducation,Science, andCultureofJapan.Theauthorsaregrateful to
ProfessorDr.ShozoTero-KubotaforhishelpintheFT-EPRmeasurements

andalsotoMr.HiroshiYamadafortheconstructionofthevariabletempera-
tureapparatus.

,

REFERENCES

．M.C.Thurnauer,M.K.Bowman,andJ.R.Norris,FEBSLerr､ 100,
309(1979)．

2M.C.ThurnauerandJ.RNorris,Chem.P/7ys.Left.76,557(1980)

3.M.C.Thurnauer,A.W. Ruthelford, andJ. R. Norris,B/ochem.

B/op/7j/s.Acra682,332(1982).

4.C.D.Buckley,D.A.Hunter,P. J.Hore, andK.A.McLauchlan,

(1990)．

H､C.Torrey,Phys.Rev.76,1059(1949)

U.Fano,Rev.Mod.P/7j/s.29,74(1957).

78

79Chem.Phys.Lerr. 135,307(1987)

且

1

1


