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Abstract.TwopulsedEPRmethods fbrstudyingspin-correlatedradicalpairs (SCRPs) transiently

generated inphotochemical reactionsarepresented. One is twodimensional (2D)EPRnutation

methodwhichusesanomalousHipangledependenceofSCRPsfbrmicrowave(MW)pulsesandthe

other isapplicationofthesocalled2DJspectroscopyinNMRtostudiesofparamagneticSCRPs.

ThemethodswereappliedtoobservationoftheSCRPgenerated inthephotoinducedelectron

transferreactionbetweenzinctetraphenylporphyrinsulphonate (ZnTPPS)andduroquinOne (DQ) in
cetvltrimethvlammoniumchloride(CTAC)micellar solution inwhichSCRPalives fbrarelativelv
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longperiodattheearlystageofthereactionprocesses.

1． Introduction

TimeresoIvedEPRspectroscopyhasbeenwidelyandeffbctivelyusedfbr in-

vestigationsofspinandreactiondynamics inphotochemicalreactionsinvolving

radicalintermediates [1,2].InEPRstudiesofthesephotochemicalreactions,

spincorrelatedradical pairs (SCRPs)aresometimesobserved, buttheirsignals

areusuallyoverlappedwiththoseofdissociatedradicals.Attempts to study

suchSCRPshavebeenmadeinawidefieldactivity[3-6].Recentlydeveloped

FT-EPRspectroscopyyieldsmoredetailedinfbrmationaboutkineticsandstruc-

turesofSCRPsandothertransientradicals,withaidsofitsexcellenttimeand

fiFequencyresolutionand itshighsensitivity [2].However,most remarkable

featuresofthepulsedEPRspectroscopy isavailabilityofmulti-dimensional

methodswhichareusefUl toextractsomespecific infbrmationfTomtotal spec-

traashavebeenshowninNMRspectroscopy[7].TheSCRPsseemtobeone

ofthemost interestingchallengingsubjectsfbrthe2DEPRspectroscopy.

Inthispaper,wepresent twoaltempts fbrobservationofSCRPs.One is2D

EPRnutationspectroscopy,whichuses anomalous flipangledependenceof

SCRPsfbrmicrowave(MW)pulsesandtheotherisapplicationofthesocalled
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2DJspectroscopyinNMR[7]toexaminationofspin-spincouplingsinSCRPs.

Thespin-spininteractioninSCRPs isanalogoustoascalarspin-spincoupling
betweennuclear spins inNMRinliquid・However, SCRPsarecreatedina

thermallynon-equilibriumspinstate.Harashanoriaaﾉ. [8]andKrollaa/. [9]
haveshownananomalousflipangledependenceofSCRPs.TheSCRPshave

nutationfrequencies correspondingtotwiceofthoseofdissociatedradicals・

Similar situationwaspointedout inCIDNPofFT-NMRbyErnstandhiS

coworkers [10].Wepayattentiontosuchanomalousnipangledependenceof
SCRPsandapplyittothe2DnutationmethodtoobservetheSCRPs.

Ontheotherhand, theSCRPsshowabsorption/emissionoremission/absorption
antiphasedoubletsignals. Itcanbeshownthatwhenthespectrumisobtained

byFourier transfbrmationofFIDsignalsonelectron-spin-echo (ESE), the

antiphaseSCRPsignalschangetheirphaseasafimctionof4冗刀,,wherer,is
timeseparationbetweenthetwoMWpulses inESEexperiments.Weusethis

featureinESE-FT-EPRfbrstudiesofspin-spininteractionJinSCRPs.

Weappliedthesetwomethodstothephoto-inducedelectrontransferreaction

betweenzinctetraphenylporphyrinsulfbnate(ZnTPPS)andduroquinOne(DQ) in

cetyltrimethylammoniumchloride (CTh4C)micellar solution. This systemhas

beenwell investigatedbyonedimensional timeresolvedFT-EPRspectroscopy
byWilligenαα/. [10] andithasbeenshownthattheSCRPfbrmedinthe

reactionalivesfbrarelativelylongperiodbybeingtrappedinmicelles.

2.MethodsandTheory

2.l. 2DFTLEPRM"α"o〃Mｾﾉﾙo〃

2DFT-EPRnutationspectraaremeasuredbythepulsesequenceshownin

Fig. la.Afterthelaserpulse,aMWpulseisappliedduringr, andsubsequent
quadratureFIDissampledalong/2.Theexperimentsaredone inaseriesof

various /! giving2DcomplexFIDs(r,,/2)whichareFouriertransfbrmedin

bothdimensionstogivethe2Dnutationspectrums(J2,,J22).Herej2! andj22
arenutation廿equenciesandordinaryEPRfrequencies, respectively・Detailsof

the theoryfbrthis2DFT-EPRnutationmethodhasbeenpresentedinour
previouspaper [12].So,wepresentonlyitssummaryhere.

AlthoughtheexchangeinteractionJwilldynamicallyvarywithtimebymotion

oftheradicalsinSCRPinsolventcage,weapproximateittobekeptconstant

duringthedatasamplingfbr simplicity. Timeevolutionofthespindensity

operatorOinarotatingfifamefbrtheMWpulsesequenceisexpressedbythe

wellknownLiouvillevonNeumanequation[13]as

O(r,,/2)=eXP(-idf;/2)eXP[-i(Jf;+Jf;)/,]O(0)

xeXpli(Jf;+Jf;)/,]eXp(iJf;/2) . (1)
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Fig、 1．Pulsesequencesfbra2DFT-EPRnutationmethodandbESEJmethod, respectively

Heredfi istheunperturbedHamiltonianofSCRP,Jf;, istheHamiltonianfbr
the interactionofthespinswiththeMWpulse, andr, and/2areevolution
timeswithandwithoutMWpulse, respectively.

Underthehighfieldapproximation, thespinHamiltonianofSCRPintherotat-
inghameisexpressedas

S.｡)-"(2S"S｡g朔-会仰寧叫s‘‘)-〃職so告 ） (2)

whereルノisanisotropicexchangeinteractionenergybetweentworadicalsaand
bintheSCRP,andQaandQbrepresentoffSet丘equenciesoftheradicalsaandb
mthereference廿ame, respectively.WhentheMWfieldfacestothe-yaxis,
";, iswrittenas

範=-%圭岻,-''｡#as"
andtheFIDsignalsaregivenby

s(/1'/2)=Tr[(Sx+iSy)o(/, ,/2)] "

(3)

(4)

2DFouriertransfbrmationofs(/,,/2)gives2Dnutationspectrums(Q,,J22).

Analyticalexpressions fbrthenutationfequenciesofSCRPsweregiveninthe
previouspaper [12].Theywerederivedundertheassumptionthattheexchange
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interaction/ilJl ismuchsmallerthantheinteractionbetweenthespinsandthe

MWfield, andalso2"|Jl is smaller thanthedifferencebetweentheoffSet

廿equenciesofthetwoelectronspinslQa-"bl.Theexpressionsobtainedthere
indicatethefbllowings. 1)Fournutationfifequenciesappear; theyarenotonlythe

frequenciescorrespondingtosumofthetworadicalsQa+J2bwhicharepointed
outbyHarshanoriaaﾉ. [8]andKrollem/. [9],butalsothedifferencefifequency

ofthetworadicals,"a-J2b,aswellasthe廿equenciesfbrtheisolatedradicals

j2｡andQb. 2)Therelative intensityofeachcomponentdependsonthe initial
densitymatrixaswellasalsototheresonanceoffSetofthepartnerspin.

Inthepresentcase,becauseoftheshortryvalueoftheZnTPPSradical, the
observedFIDconsistsofonlycontributionoftheDQradical.Themagnetiza-

tionoftheSCRPis,hence,obtainedbytakingtraceofthespindensitymatrix

overthesubspaceoftheZnTPPSradicalasthefbllowing:

ODQ(/1'/2)=TIhnTpps[O(/1 ,/2)]

αa

1=TIknTPPs
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Hence,2DFIDoftheDQradical isexpressedas

s(r1,/2)=Tr[(Sx+iSy)oDQ(r1'/2)]=oβ上zαα(/1,/2)+o"上"(/1 '/2) ･ (6)

2.2.ESEJ"ecwsco"
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TheESEJmethodisperfbrmedbythepulsesequenceshowninFig. lb.FID
signalsonESEwhich isobtainedby"/4and"pulses arerecordedasa
filnctionofpulseinterval /, andtheFIDsignalsareFouriertransfbrmedtogive
ESE@FT-EPRspectraasafilnctionofr, ortheyareFouriertransfbrmedas
withtheboth/,and/2domainstogive2Dexpression.Thismethodisbasedon
thefactthattheESE-FT-EPRspectrumofSCRPobtainedbyFouriertransfbr-
mationfbrthetimedomainof/2changes its spectralpatternwiththepulse
interval r,,as isshowninthefbllowing.
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As inEq.(1), timeevolutionofthedensityoperatorunderthepulsesequence
ofFig. lbisexpressedas

O(/,,/2)=eXP(-i"/2)eXP(-idf;/,)R"!eXP(-iJf;/,)R"14O(0)

xR"/4exp(iJf;/1)R"exp(iJf;/1)exp(i";r2), (7)

whereR,randR,r/4arerotationmatricesfbrthe"and"/4MWpulses・Weassume
herealsothatJiskeptconstantduringthedatasamplingperiod.Byusingthe
fbllowing initial densitymatrixO(O) fbr the tripletprecursor,Eq.(9) canbe
derivedfiDmEq.(7):

αα叩βα〃
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Equation(9) indicatesthatonequanmmcoherenceofSCRPchanges itsphase
bytheMWpulses,andit isgivenasafimctionof4"",.

UsingEq.(9), theFIDsignalsaregivenbyI

L

L

s(/1'/2)=Tr[S+o(2/,,r2)]
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Fourier transfbrmationofs(i,,/2) inthe timedomainof/2givesaFT-EPR
spectrumfbragivenpulseinterval /,,anditsrealpart isexpressedas

F

,(’,刈=-#.･鴬(4"",)

Esin(,"",)

■昔cos(4"",)

+Jsin､

gc･T)

*in(4",)

f:c｡si

g'i*I,)

[j2-(Q-2"J)]2+F2

Q－(乳－2"J)

[Q-(Q-2"ﾉ)]2+I~2

F

[j2-(具－2〃J)]2+F2

j2-(Q-2"J）

[j2-(具－2"J)]2+"2

F

[Q-(JZ+2"ﾉ)]2+F2
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[Q-(Q+2"J)]2+F2

F

[Q-(q+2"J)12+F2

J2-(Q+2"ﾉ）
(11)

[J2-("+2"ﾉ)]2+"2 '

whereFisalinewidthparameter.

Equation(11)indicates thatadispersioncomponentappearsinthespectrum,

andthe spectralpatternchangesitsphasewith/,byacycleofl/2JBy

perfbrmingFouriertransfbrmationofEq.(11)alsofbrthetimedomainofi,,
2Dexpressiongivingcross spotshavingaseparationof2Jalongeachfife-
quencyaxiscanbeobtainedas isshownlater.Thismethodmaybeusefill fbr

obtaininginfbrmationaboutthespin-spininteractioninSCRPsandtoevaluate
thecouplingvalueJhOneprobleminthismethodis that theSCRPs should

havea7rvaluelongenoughfbrrecordingaseriesofESEsignals.

3．ExperimentalProcedure

3.l.Mt"e〃αな

ZnTPPSwaspreparedfiPomH2TPPSandzincacetatehydrate suppliedfrom
StrumandWakochemicals, respectively.PreparedZnTPPSwaspurifiedbythe I
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procedureintheliterature [11].DQandCTACusedwerecommercialones
(Wakochemicals).Themicellarsolutionwithamicelleconcentrationofabout
lmMwaspreparedbytakingintoaccountthefactthatanaggregationnumber
andacriticalmicelleconcentrationare lO5andl.4mMinwater, respectively

[11].Thesolutionwasthoroughlydeaeratedwithseveral廿eeze-pump-thawcycles

onahighvacuumline,andsealedinaPyrextube.

3.2.EPRMeqs"花me"/S

EPRmeasurementswereperfbrmedwithaBrukerESP-380Espectrometerwitha

dielectric resonator. Themeasurementswerecarriedoutat25oC. The sample

temperamrewascontrolledbyaBrukerB-VT2000. InEPRmeasurements,MW

pulsesweresynchronizedtothelaserpulses.Photoirradiationtothemicellarsolu-
tionofZnTPPSandDQwasmadewiththesecondharmonics (532nm)ofa

SpectraPhysicsQuanta-RayGCR-14SNd:YAGlaserwitharepetitionrateoflOHz.

Intheone-dimensionalFT-EPRexperiments, durationandfieldstrengthofthe

MWpulsewereaboutlOnsandO.6mT;respectively.ThequadratureFIDswere

recordedinastepoflOnsby512stepswithCYCLOPSphasecycling.The
missingpartofFIDsduringthe instrumental deadtimeofabout 88nswas

extrapolatedwiththeLPQRDmethod[14].ThephaseofFT-EPRspectrashowing
CIDEPeffectswascorrectedbythespectraunderathermal spinequilibrium.

In2Dnutationexperiments,twocaseswithdifferenttimedelaysoflandlOILs
廿omthelaserexcitationwereexamined.ThedurationofthelkWMWpulseis

incrementedinstepsoflOnsbyl28stepswiththeCYCLOPSphasecycling

routine.WithoutextrapolationoflostpartsofFIDduringthe instrumentaldead

time, complex2DFmmatricesof64×128wereapodizedwiththeHanning
windowineachdimensionandzero-filledto256×512befbrethe2DcomplexFT.

IntheESEJspectroscopy,FT-EPRspectrawereobtainedbyFouriertransfbr-
mationofFIDontheESEobtainedby"/4and"pulsesatthedelaytimeof

900nsfiomthe laserexcitation.TheseESE-FT-EPRspectraweremeasuredin

aseriesofpulseintervals incrementedinstepsoflOns.

4.ExperimentalResultsandDiscussion

¥.l.2DFTLEPRNNz"α加刀助ec"℃scOpy

DetailsofanalysesofthelDFT-EPRspectrafbrthephotoinducedelectron

transferreactionofZnTPPSandDQinamicellarsolutionarepresentedelse-

where[11,15].Itisnoted,however,thatlDFT-EPRspectrarecordedbefbre

nearly7ILsafterphotoirradiationcanbeassignedmostlytothoseoftheSCRP.
After7ILs, theEPRspectracanbeassignedasarisingmainlyfiomtheDQ
radical inthedissociatedstate・TheoxidizedZnTPPSradical isnotobservedin
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ordinaryFT-EPRspectra,becauseofitsbroadlinewidthsduetotheunresolved

hyperfinecouplings; itsFIDdecaysbefbredatasampling[16].

The2DnutationspectrarecordedfbrWi=landlOILsareshowninFig.2.
These2Dnutationspectrawiththesedifferentdelaytimes indicateexplicitly

differentcorrelations ineachpeakbetweenEPRandnutationfiequencies, reflect-

ingoverwhelmingpresenceoftheSCRPatWi=1 ILs insolution. It isseenfifom

thespectrathatthenutation廿equenciesandthesignal intensitiesarenotsymmet-

ricaswiththeon-resonanceposition.Thesecanbeattributabletotheoffreso-

nanceeffectsdiscussedinthepreviouspaper [12].Itmustbenotedthat the

signalsobservedinthe2Dnutationspectraofthepresentsystemaremuchbroader

thanthosereportedpreviouslyfbrthephotochemicalhydrogenabstractionreaction

ofacetone-d6from2-propanol-d8 [12].Thislargebroadeninginthepresentsystem
maybeattributedtoinhomogeneouslinebroadeningbythepresenceofmanysets

ofnuclearspinconfigurations inthepartnerZnTPPSradical.

Thecomputersimulationofthe2DnutationEPRspectrawereperfbrmedby

assigningatriplet stateasaprecursor.Asmentionedabove, theeffectsof

contributionoftheZnTPPSradical tothenutationspectraoftheSCRPwere

takenbytracingthespindensityoperatoroverthesubspaceoftheZnTPPS

radical.TheEPRspectrumoftheZnTPPSradicalwasapproximatedbyaGaus-

siantypewithafilllwidthofhalfmaximumofl6.SMHzandlllineswith

separationof4.0MHz・Theotherparametersusedfbrthesimulationcalculation

were4.99MHz(DQ)and-5.60MHz(Zn-TPPS)fbrcenterofthespectrumof
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Fig.2.2DFT-EPRnutationspectraofZnTPPS/DQ/CTACmicellarsolutionatthedelaytimes Za
ofa l lLsandblOILs.Theの, andの2arethenutationandtheEPRfiequencies, respectively.
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eachpartner,2.0049(DQ)and2.0025(ZnTPPS)fbrthegvalues, 5.40MHzfbr
thehyperfinecouplingOfDQ, andB!=0.421mT･TheJvaluewastreatedas
avariable.

The2DnutationspectraobtainedbythecalculationfbrdifferentJvaluesare

showninFig. 3.Fig.4isthenutationspectraatsomespecificEPR丘equencies
whichareobtainedbyslicingthe2Dspectraat thegiven丘equencies. The
calculatedspectraarenotnecessarilysosensitivetoJb especiallyinthecases
withsmallJIHowever, onecanseethat thecalculatedspectrareproducewell
theexperimentalspectra.WeestimatedthatlJImaybesmallerthanO.3MHz
fTomcomparisonwiththecalculatedspectra

J=-0．03NHz a

20

50 0 -50

Q2/27r/lllz
J=-0． 1MHz

50 0 -50

b

20２

50 0 -50 50 H －50

02

50 0 -50 50 0 －50

J=--1 ．ONHz 。

20 20

50 0 0-50 50 －50

Fig. 3.CalculatednutationspectrawithfburdifferentJvalues: 0.03MHz(a), -0.1MHz(b),
-03MHz(c), and-LOMHz(d).Theparametersusedareshownintext.
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4.2.ESEJ助ec/mscOp)ノ

4.2.l.ModelCalculations

2DJspectroscopyinNMRisanusefilltechniquetoextractspin-spincouplings
fieomcomplexspectral systems I7]. SCRPsseemtobenewchallengingsudects
fbrthismethod・ IncaseofSCRPs,however, theinteractingspinsarenot ina

thermalequilibriumandtheJvalueswouldvarydynamicallyaccompaniedby

ba
exp,exp，exp.

50 －50-50 0 0 50

calc.calc.

50-50 0500-50

。C
eXp.eXp@exp‘

50－5050－50 0

calc.calc'

0 50

Q,/27r/MHz

－500 50

Q｣/27r/MHz

－50

Fig. 4.NutationSpectraatEPR廿equencies(J22/21Zjofa l5.625MHz,blO.547MHz, c-5.859
MHz,andd-ll.328MHz・Thepeaksatzerofi･equencyintheexperimental spectraarearchitecture

fi℃mtheinstrument．



2DFT-EPRofSpin-CorrelatedRadicalPairS 65

0. 3'us

一三
一lb 1 5ⅧZ0

Q/27r

’ 且S

、

-15 O

Q/27r

l5 MlIz

分

Fig. 5.ESE-FT-EPRspecracalculatedasafUnctionofpulse interval /, : .ノ=-1MHz(a)andJ=
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mutualmotionofthe radicals insolvent cages. Inadvanceofexperimental

analyses,weattemptedmodel calculations fbrapplicationofthismethodto
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Fig． 6． 2DcontourplotofESEJmethod. j22a/2"= 5MHz, j22b/2"=5MHz,J= 0.3MHz,
andJ1/2"=JZ/2"=0．3MHz．
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SCRPs.TheJvalueisassumedtobeconstantduringthedatasamplinginthis

case, toofbrsimplicity.Theprecursoristakentobeatripletstateasbefbre.

FigureS showsaseriesofESE-FT-EPRspectracalculatedasafimctionof
pulse interval i, fbrthecasesofJ=-1.0and-0.3MHz, respectively・ The

t !=724 nS

岬

－ 10050 0 -50

ResonanceOffset/MHz

100

Fig.7.ESE-FT-EPRspectraobservedfbrtheZnTPPS/DQ/CTACsolutionat25｡Candatdelay
timeZiof900nsasafimctionofpulseintervals/,.
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-40 -40 0

Q/27r/MHz

0

Q/27て/MHz

40 40

Fig.8.ESE-FT-EPRspectraofSCRPcalculatedfbrdifferent r! andfbrJ=-0.35MHz(a)and
J=-0.3MHz(b).

parametersusedare showninthe figurecaption.Adecreaseofthe signal
intensitiesbythespinrelaxationwithincreasingpulse intervals isnottaken

intoaccount inthecalculation.Fig. 5clearlyindicatesthattheA/Eantiphase
patternoftheSCRPchanges itsphasewiththepulseintervalbyafimctionof

4〃〃,,andsuchchangesmustbeasensitiveprobefbrJZFig.6is2Dplots

obtainedbyFourier transfbrmationofmagnetization inbothr, andらtime
domains.Thepeakseparations indicatedbyarrows inthefigurecorrespondto
the2Jvalue.

4.2.2.ESE-FT-EPRSpectraofZnTPPS/DQ/CTACReactionSystem

Figure7shows thespectral changeswithpulse interval r, observedfbrthe
ZnTPPS/DQ/CTACreactionsystemat thedelaytimeZ} of900ns fromthe
laserpulse.ForthisdelaytimetheEPRsignalsmostlycomefromtheSCRP.
Fig. 8showscalculatedspectrafbrtheDQradical intheSCPRfbrdifferem

pulse intervals,where signals廿omthepartnerZnTPPSradical areomitted,
thoughtheexperimentaldatacontainthebroadsignalsfromtheZnTPPSradi-

cal.UnfbrtunatelytheESE-FT-EPRspectrumappreciablydecaysat longer r,
than600ns・HoweveronecannotseeclearphaseinversionoftheA/Eantiphase
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patternbefbre /,=600ns.Thoughcomparisonoverthewiderangeofpulse
intervals isdifficult,onecanestimatethat l .JIwouldbeat leastsmallerthan

0.35MHz・ It shouldbenotedthat the spectratakenat the large r,might
containcontributionfromtheDQradical inthedissociatedstate.

5．ConclusiveRemarks

Weappliedthetwo2DFT-EPRmethodstoexaminationoftheSCRPfbrmed

inthephotoinducedelectrontransferreactionintheZnTPPS/DQ/CTIﾍCmicel-

lar solutionsystem.Bythe2DFT-EPRnutationmethod,weestimatedthe

absolutevalueofJtobesmallerthanO.3MHz.Oneadvantageofthismethod

istoenableonetoobserveSCRPsignalspartlyseparated廿omthoseofradi-

calsexistingasfieeions.

Wealsopresentedthat the secondnewmethod,ESEJ spectroscopy, isa

usefill technique fbr investigationofSCRPs.However, theremaybecases

wheredetailedanalysesofSCRPsaredifficultduetoshort spinrelaxation

timesofSCRPs. Forthepresentcase,weestimatedtheupper limitofthe
absolutevalueofJtobeO.35MHz,whichisconsistentwiththedatafrom

thenutationmethod.Dynamicbehaviorofspin-spininteractioninSCRPs is

aninterestingprobleminthefieldofspinchemistry.Furtheranalysesbythese

methodsbytakingintoaccounttheeffectsofdynamicchangesofJare in

progress.
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