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Triplet porphyrins as donors in intramolecular electron
transfer and their intermolecular interaction with free
radicals
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ABSTRACT: Porphyrins and related compounds are basic moieties which upon photoexcitation produce
paramagnetic transients important to many processes in biology, material science and light—energy conversion.
This short review demonstrates the application of time-resolved EPR spectroscopy to two processes in which the
photoexcited singlet and/or triplet are involved: (1) intramolecular electron transfer in photoexcited donor—acceptor
systems embedded in liquid crystals, where the porphyrins are the electron donors attached to different types of
acceptors; and (2) intermolecular magnetic interactions between photoexcited porphyrin triplets and free radicals. In
both systems the electron spin plays an important part with regards to the route of the magnetic interactions involved.
Copyright© 2001 John Wiley & Sons, Ltd.
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INTRODUCTION interactions exemplify the important role of the electron
spin in these processes and also the usefulness of TREPR
Photophysical and photochemical processes in which spectroscopy in exploring these reactions. In addition, the
optical excitation results in molecular change through solvent properties play a crucial role in these types of
optically excited states are of considerable importance. In reactions, in particular liquid crystals (LCs) with their
terms of natural phenomena, photosynthesis is the mostunique dielectric properties.
known and widespread process which involves many In the first part we shall show how the dielectric
photophysical aspects [1]. In terms of man-made applica- properties of LCs are exploited to obtain wide tempera-
tions, one can mention photoinduced electron transfer (ET) ture-dependent TREPR spectra which shed light on the
which may be used in molecular-sized switches [2] or mechanism and spin dynamics of IET processes. We shalll
photorefractive materials [3]. In a different area, one may also demonstrate how the absolute values of the radical pair
exploit the phenomenon of chemically induced spin (RP) energy states can be determined. The second part,
polarization (CIDEP) for several electromagnetic applica- Which is related to the photophysics of porphyrins, shows
tions [4]. In a substantial number of these photophysical how the magnetic interaction between the prophyrin’s
processes the electron spin plays an important role in thephotoexcited triplet state and a stable paramagnetic radical,
reaction and its evolution either through a single- or a multi- in thermal spin distribution, induces a unique non-
step reaction. The unpaired electron can be monitored Boltzmann distribution in the stable radical. This spin
efficiently in most of these cases by time-resolved EPR polarization is attributed to the interaction between the
(TREPR). quartet and doublet states during the encounter between the
The chemical entities, i.e. the porphyrins, which absorb photoexcited triplet and the stable radical. As of today, we
visible light in the singlet manifold and transform into the have found that these magnetic interactions are stronger in
triplet state are considered as most important compoundsporphyrins than in any other triplet we have examined.
with respect to their photophysical properties. Our studies
with these compounds have concentrated on two main
photophysical processes, namely intramolecular electron
transfer (IET), which is depicted in Fig. 1, and intermol- EXPERIMENTAL
ecular radical-photoinduced triplet interaction. These

Intramolecular Electron Transfer (IET) Experiments
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Fig. 1. Energylevelsof adonor—spacer—accept@®-s-A) supramoleculasystemunderphotoexcitationD is photoexcitedy alaser
pulse at a selectivewavelength.This event startsthe seriesof ET reactions,producingthe different paramagnetidransients.

s representshe temperature-dependergorganizatiorenergy.

and co-workers[6], while base-pired porphyin—quinone
systens were synthesizedby Sessleet al. [7, 8].

TREPR expeiments were performedby measuring the
time-dependenEPRsignalafter sekectivewavelengthlaser
excitaion (Coninuum modd 661-2D laser). The signal
geneated under CW microwave irradiation (Bruker ESP
380E)wastakenfrom the preamplifier, which is connectd
directy to the microwavediodedetecbr, andwasfedinto a
digitizer interfacel to a computer that monitored the
expeiment [9]. A seriesof complde TREPR spectra at
differentdelaytimesafterthelaser pulse,wasreconstucted
from the EPRkinetic tracesof M(t) by slowly steppingup
themagneticfield. Sampeswereprepaedby dissohing the
compoundsin LCs in 4mm o.d. and 2.8mm i.d. Pyrex
tubes, degasedby sevenl freezepump-thav cycleson a
vacuum line. The temperatire was maintained using a
nitrogen variable-tempeature flow dewar in the EPR
resmator.The sanplesin LCswerealignedin themagetic
field by heatingthem to tempeaturesabovethe clearing
pointof theLC in ahighmagneticfield; followedby cooling
to thefreezingtemperatuve [10]. Typical spectaweretaken
attwo sampleorientationsn termsof the LC directorL with
respect to the externd magretic field B, i.e. L || B and
L L B.

Tripl et—Radical Interaction Experiments

H,TPP(tetraphaylporphyrin), the steble radicalsgalvinox
yl and BDPA (2,6-di-tert-butyl-a-(3,5-di-tert-butyl-4-axo-
2,5-g/clohexaden-1-ylidene)p-tolyloxy and bisdipheny-
lenef-pherylallyl resgectivdy), toluene(Aldrich), ZnTPP
(zinc tetraphenyporphyrin) (Midcentury Chemicd Com-
pany) dichloromethae andheavypardfin oil (Sigma)were
used.Sampesin toluenewere prepaed by dissdving both
galvinoxyl (gal) and the porphyin, while sanples in
pardfin oil were preparedby first disolving BDPA and
the porphyrin in dichloromethae andthendiluting themin
pardfin oil (20% dichloromethae and 80% pardfin). The
soluions were pourel into Pyrex EPR tubesand sealed
under vacuum after severalfreezethaw cycles. FT-EPR
measuementswere performed with a Bruker ESP 380E
spectraneter The porphyins in the mixtureswere photo
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excited by a pulsedlaseras descibed above(\ =532nm,
pulse duraton 12ns, pulse repetition rate 20Hz, pulse
enegy 5 mJperpulse).Thechromoploreconcentationwas
~5 mM and the radical concentration was ~2 mM in all
sanples.

INT RAMOLECU LAR ELECTRON
TRANSFER

Geneaal Background

The undestanding of light-induced ET processg in
phaosynthess and modd systens has advancedsigrifi-
canty during recentyears[11]. The complexiy of natual
phaosynthetic systemshas promped studies of simpler
mode systensthatmightreproduceessatial featuesof the
biological target. Most current modé ET studiesuse the
porphyrin moiety as a leading strucure. Although simple
porphyiins in intermolecular ET fail to mimic natual
phaosynthess, they are important in implementing the
medanistic strategy. On the other hand, the covalently
linked porphyrins—qunonesare becomng more useful in
the mechanidgt approachby providing mimics for singlet-
initiatedET andlong-ived charge-sepatedstateqd12, 13].

An importantaspecf the modelsysemsis the matrices
in which they are embedded LCs provide suitable
aniotropic mediafor large and small chromoploressuch
as porphyrins, chlorophyis [10, 14] and covalently linked
ensenblesof donor-spacer—eceptor(D—s-A), whereD and
A areporphyrins andquinanesresgectively [15]. Moreover
the range of TREPR detecion of transientradical pairs
(RPs) emteddedin LCs can be spannd over a wide
tempenture range (about 120 K) including ambient
tempeatures. Most importanty, the IET rates in these
solventsarereducedby severalorders of magitude (from
picosecomisto nanoseonds),permittingthe obsewation of
these processs on submnicrosecad timescales The reduc-
tion of IET ratesis dueto the nematicpotential associged
with the alignmentof the LC molecues, which restrics the
isotrgpic molecular reorientdion found in conventiorl
solvents[15, 16].
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Mechanistic Approach of Model Photosynthesis

One of the major goak in the medanistic approachof
modd photasynthesisis to reprodice the elecronic staes
asso@ted with basic featues of the IET processand
chage separationThusa simplified model systemconssts
of a D—s—A enseml# combineal with the matrix in which
the supranolecude is embedded.In most of our studes,
LCs werefoundto be the mostsuitablematrices. The high
time resdution of TREPRmakesthis spectrgcopysuitable
for chalmacterizng ET readions in different molecuar
sysems.Of the mary exanplestreatedin theliterature we
shal focuson two importantsystens, i.e. covakently linked
and hydrogen-banded ensembles: For exanple, when
ZnTPP was covakently linked to a benzoginore via a
phenylspace in the para (p-Pp—Q) and meta(m-Pp-Q)
postions, it wasfoundthatIET in m-P4p-Qis amucdh less
favorable processthan in p-P-p-Q [17]. Similarly, IET
and the spectrd changs in cis and trans isomers of
a covakently linked porphyrin-cycloheylene—qunone
(PQQ) orientedin LCs werefoundto exhibit differentline
shape behavor and tempeature depen@nce [15]. The
different triplet RP trarsient spectraof the two isomes
were interpreted in terms of their different molecuar
geonetries.Moreover in the caseof thetransisomer both
triplet- and singlet-intiated ET routes could be detected
concurently (Fig. 1). These differences in the IET
paranetersare refleded by the free enegy of the charge-
sepaatedstaes.

The influence of the particular spacerin tailor-mace
donor-acceptor sysemsmay also be studiedby the same
apprach. It shout be mentionedthat the nature of the
space group is particulaly important becauseof its
influence on the electronic couping betweenthe donor
and acceptor staes. Thus different structure affect the
magnitude of the spin-spin couping (J) and the dipolar
interection (d), leadingto different elecron spin polariza-
tion (ESP) medanisns, e.g.the RP mechanism(RPM) or
the correlatel radicalpair mecdhanism(CRPM)[11, 18,19].
Studiesof ESPin RPsdenonstratehow importantit is to
explore systematally the molecuar structure(e.g.donor—
acceptor distanceandtheir mutualposition)andits effecton
the ESP patten which allows one to identify the different
IET processs. Therequiremat to identify a paricular spin
polarization mechanismcalled for utilization of high-field
EPRspectroscopywhich, owingto its ultimatespectrhdand
time resolutia, revolutionized the detection ability of EPR
sysems[11, 20].

The chromoploresof the in vivo photasynthetic readion
cener arenotcovalenly linked via a space group.Rather,
they are held in spaceby the protein environment. An
apprachto modelthe primary ET evensin photosynhesis
involvesthe synthess andstudyof preorgarzedsupramé
eculr aggregatescontairing donors and accetors which
are not covakntly linked. Along theselines, recent studes
involved novel supranolecuar strucuresin which molecu
lar recogniton was estabished via Watson-Cick base-
pairing interaction[21] (Fig. 2). Specificaly, a TREPR(X-
band,9.5GHz) study was performedon H-bondeddonor—
accetor complexes in which a guanne-functonalized
zinc(ll) porphyrin anda cytosine-funcionalizeddinitroben
zenewere assenbled in two typesof LCs. In the nematic
phaseof the LCs, sekctive photeexcitationof the zinc(ll)
porphyrin moiety yields spin-polarized EPR sigrals, i.e. a
broad absoptive/enissive spectrun and a supeimposel
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Fig. 2. Top: schematicstructureof ZnG---QC, R = SiMe,BU".
The in-plane axes (x,y) of the porphyrin are shown on the
molecularstructure (a) X-bandTREPRspectraof [3ZnP--DN]
and the superimposed'RP 3[znP*:--DN~] (narrow signal)
takenin the nematicphaseof E-7 at 298K, 450ns after the
laserpulse.(b) ExpandedX-bandTREPRspectrunof the TRP.
(c) W-bandTREPRspectrunof the TRPtaken250nsafterthe
laserpulseat 280K in E-7. The measuredy-valuesfor the two
species are 2.00275 and 2.00534 for ZnP* and DN~
respectively(from Ref. [23]).

narrowderivaive-like signal. The rise of the narrowsigral

is accompaied by the decayof the broad sigral, which is

attributedto the lowest excited triplet stateof the zinc(ll)

porphyrin. Thesefindings areratioralized in termsof intra-

ensembleET (Fig. 1) occuring from the lowest excited
triplet stateof thedona (zinc(Il) porphyrin) to the acceptor
(dinitrobenzene)and by spin polarizaton effects[21, 22].

The narrow EPR signal is attributedto a long-distance
charge-sparatedpin-corrdéatedradicalpair (SCRP).In the
isotropic LC at higher tempeaturesa narrow absorptive
EPR sigral is observedregadless of the type of LC

employal. This latter signal is assignedto a themally

populatel SCRP.

In orderto identify the partrers of the RP and thereby
clarify the origin of the SCRPsignal, W-band (94 GHz)
high-field EPR expeiments were performed [23]. These
high Zeemanfields with a much better spectal resoluton
allow oneto clearly differentate betwee the two g-factars
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Fig. 3. Structuresof the ZCPI, ZCNI and ZCPINI donor—
acceptorsystemgfrom Ref. [24]).

of both RP partnes (Fig. 2). By comparisonwith known
data, both the X- and W-band resuts show that a self-
assenbled conplex is formed by nucleobas pairing and
thatintra-enembleET produesaweakly coupked SCRPof
a porphyrin cationanda dinitroberzeneanion. In on-going
TREPR studes at various microwave frequencies and
Zeenmanfieldswe arefocusingon the detailsof basepaired
interactionsby specificH-bondnetworks asaneffectivetool
for molecdar recogniton.

Determination of the Energy Levelsof Radical Pair (RP)
States in Photosynthetic Models

Thedriving forceof the IET reactiondependstronglyupon
the location of the chaige-sepaatedenergystates(Fig. 1).
Thus it is important to developexperimenal methodsto
explicitly determire the absoute valuesof the radicalion

Copyright© 2001JohnWiley & Sons,Ltd.
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pair energylevels. This goal can be achievedby blending
together molecular architecture, solvent propeties (LCs)

and fast TREPR detecion of paranagneic transents
[24, 25]. This poweriul apprachhaspermitedthe elucida-
tion of photachemicalmedanismghatothewise could not
beexplored Themolecuesunderinvestigatia in this study

contin a chlorophyl-like electron donor (ZC) and two

electron acceptors with different reducton potentials, A4

(PI) and A, (NI). The compoundsnvestigaed were ZCPI,

ZCNI andZCPINI (Fig. 3) with donor—accptor distan@sof

~11,~11and~18A respectivly. Thesecompoundsave
smdl butwell-defineddifferencedn theirion pairenenpies.
Theyweredissolvedn two LCs, E-7 andZLI-1167(Merck
Ltd), with different dieledric constant and signs of the
diamagetic suscetibility Ay. The sign of Ay deternines
the relafonship betwea the director L and the external
magnetic field B. A positive Ay (E-7) resultsin the initial

alignment of the dissdved moleculespardlel to B (L ||B),

while a negative Ay (ZLI-1167) leadsto perpendtular
initial alignment (L_LB). When oriented in LCs, these
compoundsundego photdnducedIET to produe charge-
sepaated statesthat can be monitored by TREPR. The
enegy leve valuesand spin dynamicsassocited with the
RP statesdependstrondy on the D—s-A strucure, solvent
reomganizationenergyand, mostimportantly, the tempera-
ture [16].

In Fig. 4 we show the time-evolved EPR spectraas a
function of tempenrture.First, it shouldbe mentionedthat
all three compounds exhibit a triplet spectrun at low
tempeaturein the crystallinephaseof the LC (T < 250K).
The RP sigrals are the narrow derivative-like signals
supeimposa on the wide triplet spectra The spectraof
ZC*PI~, contary to ZCNI'~, clearly illustrate that
ZC™PI~ hasa lower driving force for charge separation
asrefleded by its spectrun, which is evidentat relatively
hightempenture whereatheZC NI~ spectrun is preent
at bothtempeatures Furthermae, the spectraillustratethe
large increa® in the solvationability of the soft glass,asan
increasein tempeature of only 10K produ@s a strong
signal from ZC*PI~. In addition to the tempeature
thresholdfor the appearane and disappeeanceof the RP
specta, importantdataaregainedfrom the phaseof the RP
specta. For a singet-initiated RP the spectraof the triplet
radical pairs(TRPs) 3[ZC "—PI ] and®ZC *=NI"] exhibit
an absorptionémission (a/e) patten. The opposte case
where the phasepatten is e/a, correspondsto a triplet-
initiatedRP. Inspection of Fig. 4 showsthat at early times
the sindet-initiated RPsdominatethe spectum, while later
in time the triplet-initiated spectratake over. This phase
inversion a/e » el/aoccuss at a specifictempeature and
time, in full agreementwith the value of the RP enenies,
and illustrateshow powerful the TREPR methodis when
appledto IET processes. .

In geneal terms,for a centerto-centerdistan@r < 12A
the TRP dominatesthe spectrun (the electron exchange
interection J is largerthanthe dipolar interactiond), while
for r > 12 A thedipolarinteracton is dominan andleadsto
thecorreltedradicalpairmedanism(CRPM)[24, 25]. The
width of the RP spectrum can provide us with valuable
information regarding the type of RP, i.e. whether it is a
TRPoraCRP.lt is evidentthatthe RP specta of ZCPland
ZCNI aredueto TRPsandnot CRPs.Thelatter mechansm
is observedn D-s-A systenswith center-tecenterdistane
r > 12A. This conclusionis suppoted by comparingthe
specta of 3[ZC*—PI"] and*[ZC "-NI""] (r ~ 11A) with
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Fig. 4. TREPRspectraof photoexcitedZCPI, ZCNI (a—c)and
ZCPINI (c) in E-7 at various temperaturesand delay times
after the laser pulse. Notice that the RP spectra of
ZCPINI'™ correspondto triplet-initiated CRPs, while the
spectraof ZC P~ andZC NI~ correspondo TRPs,which
initially are singlet-initiated.The phasediagramof E-7 LC is
crystalline219K soft glass?63K nematic333K isotropic.

thatof ZC*PINI~ (r ~ 18A), asshown in Figs 3 and4c.
For the pairs with shortcenter-to-centedistane a spectral
width of ~1.6 mT correspads, by using the point dipole
apprximation method of TRPs [24,25], to a charge-
sepaateddistanceof ~11,5A, which agreeswell with the
molecue dimenson of 11 A. In contrasto this, by assumig
a TRP spectrumandwith a spectralwidth of 0.65mT for
ZC"PINI'", a value of 15A is calculted for the pair
sepaation. This value doesnot agreewith the molecule
dimensgon, which supportsthe concluson that a CRP is
geneatedin this case[24, 25].

Copyright© 2001 JohnWiley & Sons,Ltd.

RADICAL-PHO TOINDUCED TRIPLET
INTERACTI ON

The Radical-Triplet Pair Mechanism

We startby providingthereademwith a genenl background
of the photghysicalprocesss, which involvesthe interec-
tion of stable radicalsandtriplets. Theseprocessginvolves
two mechansms, i.e. the radical triplet pair mechansm
(RTPM) and electron spin polarization transfer (ESPT).
Botharerelatedto the magneticinteracton betwee a stable
paramagetic radical and a photoexcied triplet molecue.
This physical interaction resuts in basically the same
radicalandtriplet, buttheunpairedspinof theradicalhasan
energylevel popuktionthatnowdeviatessubstarially from
thermal equilibrium. This processis linked to a broader
phenomenp in spin chemidry called chemicaly induced
dynamicspinpolarizaton (CIDEP),first discoveedin 1963
[26]. As mertioned above,the key paraneterin CIDEP is
the ESP phenomenn, which resultsin a non-Boltzmann
spinpopuktion of the paramaneticspeciesnvolvedin the
variousprocesss. Sincethe disavery of CIDEP,two main
mechanisme havebeenasso@tedwith it, namelythetriplet
mechanism(TM) [27] and the radical pair mechansm
(RPM)[28]. In theformerthe ESPis generag¢d by selecive
intersysem crossing (ISC) from the photoexcied singet to
the triplet state,and in the latter the ESP is geneated
through collisions betwea radicals. Following the wide-
spreaduse of lasersin EPR experimens, there have been
some new obsenations of CIDEP of stable radicals in
solution in the preence of photaexcited triplet chromo-
phores.This polarizaton could not be explaired by the
abovemedanismsandwastreatedtheaetically [29-34 by
theRTPMandESPT which arethe mainthemesof this part
of the paper

So far, only the RTPM has received sone rigorous
theoreti@l treatment, which calculaesthe radicals polar-
ization that is geneated during its interection with the
photoexcied triplet. Current theaies provide analyticd
[29, 35—-37]andnumeical [34] resultsfor thedepenénceof
the spin polarizaton upon the zerofield splitting (ZFS)
parameter (D), solvent viscosity (1) and radical-tiplet
electronspinexchang (J). Accordingto RTPM theory,the
observednet polarization, which is equalfor all hypeffine
lines,depend®nthepreairsorstate(photoexdted singletor
triplet) and sign of J [38—41. Thus for J < 0 the sign of
polarizaton is negaive for a triplet preairsorand positive
for asingletone. The oppasite holdsfor J > 0 [42]. Most of
theearlywork onthe RTPMwascarriedout ontripletswith
relatively high ZFS (small-szed molecues), for which the
RTPM phenomenn is the stronget This resuted in the
needfor UV excitation to geneate the triplet and thus
required the use of a flow sysem to avoid sanple
destructonduringtheexperment.Morerecently, addtional
work on the RTPM was performedwith porphyrins, which
canbe excited by non-destuctive visible light [33]. These
experimens revealed the ESPT phenomenn, which is
associatedvith magneization transfer from the polarized
triplet to theradical Thistranserresuted from thefact that
thetriplet, attheinitial stagesfterlight generaibn, is itself
spin polarized owing to seleced spin—orbit intersysem
crossing In relatively large molecues such as triplet
porphyrins, with relativdy small D but long spin-latice
relaxatian time, this polarization surviveslong enoughto be
observedn the TREPRspectrum of the radical.
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We can sunmarize the readions involved in the
interection of a photaexcited triplet and a stableradical by
extendng the earlier[43] reactionschemento:

p, 1p 56 3p (1)
3prREL R PP 2)
sp+R L R 43 P (3)
%Py +3 Py, — 2P (4)
3*Pp — P (5)

In these equatons, P is the porphyin which upon
photeexcitation produes the photcexcited triplet *'P, via
ISC,andthesubscipt ‘p’ standsfor aspinpolarized species
Theprocesseglescriledby equatian (1) areusualy veryfast
andareconsideed instananeouson the TREPRtimescale.
Equaton (2) descibestheRTPMencourterwherethetriplet
molecue interactswith the stableradicalR. Thisinteraction
resutsin theradicalandthetripletspeciesbutwith different
polarization. Equaton (3) descibesan ESPTtype mechan-
ismin whichtheradicalencounersapolarizedtriplet. In this
type of medhanismit is assumedhat the radical doesnot
guench the triplet and that the triplet polarizaion is
transerredto the radical during the encoutter. In contrast
to this, the RTPM can only be ‘activated’ if the doublet
levels which represet one-thid of the spin popuktion
during the encoutter, havebeendepletal (Fig. 5b). Thisis
accounted for by the fractional stoichanetricsin equatia
(2); nanely, only one-third of thetriplet popuktionis in the
doubkt state during the encounter and is depletedto the
ground state. It shout be noted that every encourer
betwea the radical andthe triplet may lead to both ESPT
and RTPM polaizations Although both mechanisra
operde simultaneously, one should note that the RTPM
requires triplet quencling for polarization creation,while
ESPTdoesnot requiretriplet quencling [44].

Our initial work with porphyrin triplets interacting with
stable radicals was aimed at better undestandirg and
measuing the various types of polarizaton (ESPT and
RTPM) which the radical gairs. The majority of experi-
mental techniques dealing with this problem were asso-
ciated with using continuous-wave time-resolved EPR
(CW-TREPR) spectroscopyf45] to monitor the transient
radical spectrum after its interection with the photceexcited
triplet by the laserpulse.By careful analysis of the EPR
kinetics, combinal with independenknowledgeof therate
constans involved, onecanacqure a good estimateof the
radical polarization. However, this method suffers some
difficultiesin obtainingthe desiredkinetic constans, which
prevent extensiveandaccuraé measuementsof theradical
polarizationin systemaunderdifferentexternd condtions,
e.g.temperatire. Moreover, the existence of two different
time-dependenpolarizationprocesses(ESPTand RTPM)
further complicatesthe problemto a degree which cannot
be overcone by CW-TREPR.

In light of thes difficulties, a new apprach hasbeen
introduced which usesthe pulsedEPR (Fourier transform
EPR(FT-EPR) techniqie. By employinga pulse sequ@ce
which utilizes a special laser—-m¢crowave phase cycling
(LMPC), onecancircumventthedifficultiesasso@tedwith
the CW-TREPR method. As will be detdled below, the
LMPC method enables one to eluciddae the kinetic

Copyright© 2001JohnWiley & Sons,Ltd.
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Fig. 5. A simplemodelfor the polarizationgeneratedhrougha
radical-tripletinteraction.(a) When the distancebetweenthe
triplet andthe radicalis large, the triplet Zeemanlevels (1,0,
—1) coincidewith thoseof theradical(+ 3, —3). Uponapproach,
theangulamomenturris addedo form quartef{Q) anddoublet
(D) levels,which aresplit by the spinexchangenteraction(J).
Theassumptions thatin theinitial stageof the encountethe
levels are equally populated (full circles). (b) During the
encounterpwingto spinconservationthequartetievelscannot
be depletedefficiently to the groundstate.On the otherhand,
the doubletlevels are quenchedvery efficiently and become
empty. (c) Sincethe doubletlevels are vacant,a substantial
populationis transferredrom Q_z,, andQ_15 to D145 in the
crossingegions.Thus,aftertheseparationthesdevelsareless
populatedandemissivespin polarizationis generated.

paraneters asso@ted with the set of equaions (1)—(5).
Thus, by analyzing our meaurements we found that
subsantial radical polarizaton could be generagd in the
RTPM process evenwithout substantib quencling of the
douwblet levels aswill be detdled below.

Experimental Techniquesand Resuts

First let usdescibe the methodusedto measue the radical
polarizationgeneatedvia theencountewith aphotoexcied
triplet. The LMPC methoduseghefollowing procedure.(a)
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Fig. 6. (a) Echo pulsesequencedo determinethe rate of triplet—radicalencounters(b) FID pulsesequenceo determinethe Z-
magnetizatiorinducedby the polarizationprocessesThe durationof all the pulsesis negligible. A typical echoandFID arealso

presentedfrom Ref. [43]).

In orderto measuetherateof radical—tiplet encouners,the
pulse sequace n/2—<—laser pule—<,—n—echo detection is
appied (Fig. 6a). The first pulse rotatesthe magnetiz¢ion
into thelaboratory XY-plane,andwithout thelaserpulsethe
sequaceis a simple Hahn echoexpeiment. On the other
hand thelasermulsegeneateghetripletsin soluion (usudly
within a timescaleof a few nanoseonds)which encourer
the stable radicals.Eachencounteresulsin a phasdossof
the magneization in the XY-planewhile geneating polar-

izationalongtheZ-axis.Thustheencounersreducetheecho
amplitucerelatve tothesamanicrowave sequace butwith
the laser pulse absemn (b) The secondpulse expeiment
measureghe magetizdion along the Z-axis by the pulse
sequence/2——lasemulse—2,-+1—n/2—FID detection (Fig.
6b). This sequaceis similar to the previousone,exceft for
the fact that at the time of the echoappearanein the first
sequencé¢he Z-axis magnetizationis now measuedby FID.
A detdled mathematal analyss of thesepulse sequenes

0 1000

2000 3000

Time (ns)

Fig. 7. (a) Polarizationcurveof Gal-H,TPPasa functionof time afterthe laserpulse(dottedline), fitted by thetheoreticalcurve(full

line). The abscissarepresentghe time after the laser pulse (seeFig. 6). The lines representa gradualtransition from radical
polarizationwhichis dominatecdby ESPTto thatdominatedy the RTPM. Thistransitionis madewith exponentiatime dependence,
which correspondso the triplet spin—latticerelaxationtime. (b) The sameas(a), but for a Gal-ZnTPPsystem(from Ref. [43]).

Copyright© 2001 JohnWiley & Sons,Ltd.
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Fig. 8. (a) FT-EPRspectraof BDPA with H,TPPbeforelaserlight excitation(dottedline) and50 us afterlaserexcitation(full line).
(b) Magnetizatiormeasuremerntdf the H,TPP—BDPAsystem Thethermalmagnetizations measuredt thefirst point of thekinetics
curvebeforelaserexcitationat 0.5 us. Photoexcitatiorcreateghe magnetizatiorwith a negativesignin strongemission(~10times
largerthanthe thermalmagnetization)Thelong-lived polarizedmagnetizatiorcorrespondso inefficientquenchingof thetriplet by
theradical. This keepsthe triplet populationalmostconstanton a timescaleof submilliseconds.

shows howtheradicalpolarizationat varioustimes afterthe
laserpulsecanbe measued [43].

Theradical polarizationveraustime asmeasued by this
methodis presentédin Fig. 7. It canbeseerthatin theinitial
stageafter laser excitationthe triplet is still polarized and
contibutesconsicerably to the polarizationof the radical
Howeve, after the triplet relaxesto a Boltzmann spin
popukbtion(within thetriplet spinlattice relaxatbntime T,),
the RTPM processs dominan. One shouldalso note that
thesemeasuementsnabé anaccurateleterninationof the
triplet T; in soluion without actually measuing its EPR
spectrum.

Anotherimportantaspecbf theradical—tiplet interaction
is related to the triplet state after its encouner with the
radical Previus studes of the RTPM assumedhat the
doubkt level popuktion of the triplet-radcal pair is
depktedcompldely to thegroundstae duringtheencourer
(Fig. 5b). This impliesa subsantial depktion of thetriplet
popuktion as well. To examne this assumpgbn more
guanttatively, we haverecently carried out sone experi-
mernts with porphyrins and BDPA (Fig. 8) in a mixture of
20% dichloromethame and 80% paraffin oil of high
viscosty. Sucha viscositymack it possble to observethe
kinetics of the magetization develpmentmoreeasilyon a
timescale of submilliseconds. Under thesecondtions the

Copyright© 2001JohnWiley & Sons,Ltd.

triplet—tripletquencling is negligibe, andwithout introdu
cingthefreeradicalto thesolution,thetriplet porphyrin can
live for up to severalmillisecomls (in a concentation of
seveal mM). By dissohing thestebleradicalin thesoluion,
the lifetime of the triplet decreasg, becawge an additioral
guencleris introducedinto the systemHoweve, asarestit
of ourrecentexperimens we havefoundsolid evidencethat
thetriplet quencling doesnot follow the stoichomérics of
equaion (2). In othe words, not one-thid of the triplet
populationis quenchedn eachradical-tiplet encouner of
the RTPM type [44]. Thesefindings areshown in Fig. 8. It
can be seenthat after the initial developmentof the
magnetizdion in the emisson mode, quasi-guilibrium is
apprached This implies that polarized radicak are
consantly geneatedwithout a consideable quencling of
thetriplet. Careful analysis of theserestts [44] showsthat
thatthis type of kineticscorrespadsto about1/30of triplet
guencling in evely encoutter with theradical,andnot one-
third asinferredfrom equatian (2).

CONCLUSIONS

It hasbeenshown how porphyrinsandporphyrin derivaives
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partidpate in two interesting photghysical processs in
which the electron spin plays an importantrole. In IET
studes the unique propertiesof the porphyins aselectron
donors allow one to obtdn information regarding the
geness of the electon transér route and identify un-
amhguously the produds of the IET readions. Further-
more, theinvestigaton of D—s—A sysemsusing a porphyin
asadonorprovidesquanttative informaton concening the
ordeling of theradicalion pair enegy levelsrelative to the
known excited stateenegy levelsof the porphyrin moiety.

In doublet-triplet interactonsthe photoexcied porphyrin
cangenerag polarizationin thestableradicalvia two routes.
The first one correspoads to the polarization of the
porphyrin itself and is appaent during the spin—ldtice
relaxaton time of the porphyin. The secondone corre-
sponds to the polarization geneated in the radical
regadless of the porphyin polarizaton, and extends
beyondthe spin-lattice relaxation time of the porphyrin.
The differentiatbn betweenthesetwo mechanmsenables
an accuratedetermiration of the porphyin spin—latice
relaxaton time without direct measurerant of its EPR
spectrun (which is seldompassiblein liquid solutions) An
addtional interestingfeatute of the radical-trplet interac-
tion, which was observedin our expeiments, is the
relatvely small depletion of the triplet porphyin to the
singet stae duringthe RTPM encourer.
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