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Among tbe various macbanistic pa&ways of p&&v- 
ukaakal M producka pbotokdu&d~dabtron 
transfer is a most imper&nt cm4, cepacialiy if the 
genaration of radical ions is CW. Tbe radical 
pairsproducedintbkwayalegepeiYQbigbcrin 
energytbantbe~groundotateunmu2ed 
donor-acceptor pairs and therefore may be staW.zd 
bytkStiWWXfAWOlltraagerW~thC~ULll 

sejimtc. The effkiency 0frevctsc ektron tran$a vs 

llldiCd~-tbe~dfr~- 

andis~beuceofgmatimportame,ifoneisintuestal 
t.oW2izetkradicalsforfu&er~ltrses- 
formationqcg.fartbe;gurpqgtof~~of 
solar 8nergy or information or for cheakd synthesis. 

dignment. As 8 consequence of the rule of spin 
coaeervatkm in electron Wan&t, dkct nxombi- 
tlMivnoftripktladicalpuirstofomldiamag&c 
gmkmdstatcpMuetsisspinforbiddcn.Ductothip 
facttbeFneradicalyieldsobscr&ixlexcitedtfipkt 
a*-* akegene&mucbhi&erthanfor 
t&e oornspoachry sin&t state iuIcti0ns~‘-‘@ of 
we, the p&z+& of ekdron spin wnsuvation is 
aaidc8lka&mandtkrukcanber&ueddueto 
aeveraltyges~perhubationmazbanisms,w!Gcb 
afe also twponsibk for tbe magnetic polarkation 
&cts apentivna4 above. 

t)uringtbetastyearswebavebeenespaSallyinter- 
estbd in the mazbanisms and rules governing “spin- 
fixbiddtn” ekurvn back transkr following electron 
ttansfet reactions with excited triplet states: A number 
of geveral awdusions has been obtained frvm our 
sWie~~“-‘~ of the reaction of the tbivnine triplet 
(‘TH +) witb nailine and its mvnobalogenated deriva- 
tiv@s,wketbed~tripktactsasanektrotracceptor. 

The gcwral me&a&tic asp&s may be described 
in terms of Scheme I, where A shads for electron 
~azdDforektrondonok&ltbcc&arges 
wrrespond to tbe systems we have studied. Aamding 
to!hbcme~amdicalpairlikebipletexd@exhasto 
be e0fdemd 89 the primary product of tbe electron 
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Encolntcrkir Triplet Exciplcx 

I 

Scheme 1. Pathways of “spin forbidden” reverse ektron 
tnUl.sfer. 

transfer. It may dissociate to yield a radical pair with 
individually solvated radicals which are free to diffuse 
apart or to undergo several random re-ezncounters. 
This radical pair is generally ti geminate radical 
pair. Two routes of fast etion back transfer may be 
discriminatea3.t 

(1) Directly from the tripkt excipkx, which might 
be conceived as a kind of intramolecular intersystem 
crossing process. It does not necessarily occur via the 
intermediacy of the singlet exciplex. 

(2) From the geminate pair. 

We have found that there is a very systematic, posi- 
tion-dependent heavy atom efTect on the free radical 
yield when monosubstituting aniline by various halo- 
gens. ’ ’ The analysis of these results has M us to thl 
conclusion that the efficiency of electron back transfer 
from the geminate radical pair is negligible in solvents 
of normal viscosity for radical pairs without Coulomb 
attraction. On the other hand, if spin-orbit coupling 
is strong enough in the triplet exciplex, which can be 
achieved by means of heavy atom suhstitutioa its 
intersystem crossing to the ground state, namely 
“spin-forbidden reverse electron transfer”, can effeu 
tively compete with its dissociative decay and hence 
decrease the radical yield. 

The intermediacy of the triplet exciplex in the course 
of radical formation has been corroborated by a mag- 
netic-field effect. ’ ’ The free radical yield is decreased 
by a magnetic field, the e&cts being especially pro- 
nounced for systems with strong spin-orbit coupling. 
The negative sign of this effect and the typical half- 
field value of about 200 mT exclude the possibility 
that the geminate radical pair may be responsible 
for this effect. A consistent explanation is provided, 
however, by the socalled triplet mechanism (Scheme 
2). The heavy atom enhancement of spin-orbit 
coupling causes a sublevel-selective intersystem 
crossing from triplet exciplex to singlet ground state. 
Therefore, one of the sublevels (T,) because of 
its less efficient intersystem crossing contributes pre- 
dominantly to the radical yield. The magnetic field, 
however, destroys the sublevel selectivity of inter- 
system crossing and thus, indirectly, decreases the 
radical yield. From a quantitative evaluation of the 
magnetic field eff&t the dissociative lifetime of these 

tThe analogous case of spin inverted backward electron 
transfer, however with S + T spin conversion, has been dis- 
cussed by Weller” using a kinetic scheme similar to our 
Scheme 1. 
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Scheme 2. Triplet mechanism. 

triplet exciplexes could be estimated to be in the order 
of 200 ps. 

Without the heavy atom effect the radical yield in 
the thionine triplet/aniline system is close to 1 in 
homogeneous solution, ” showing that neither in the 
triplet exciplex nor in the geminate radical pair elec- 
tron back transfer can efficiently compete with radical 
separation. If, however, the cage lifetime of the gemi- 
nate radical pair is increased, which can be achieved by 
using micellar solubilization, the yield of fiat radicals 
may be considerably decrea& even without heavy 
atom substituents. ” Large miccllar cage eSazts on the 
recombination yield of radical pairs were first reported 
by Turro and co-workersI who also found magnetic 
field effecta modifying the mic&u cage effect. ” 
Meanwhile it has been possible to directly time resolve 
intramicellar recombination for some radical pairs 
derived from carbonyl triplet reactions, demon- 
strating that this recombination is slowed down by 
a magnetic !kld. ’ 8-2 ’ These results have beep generally 
discussed in terms of the radical pair mechanism 
which has been introduced to explain CIDNP2 z ” and 
has been further elucidated by time-resohred laser- 
flash-spectroscopy experiments24*2’ and by sophisti- 
cated theoretical treatments. 3*26v2’ 

The characteristic features of our investigations on 
radicals in micellar systems arc that : 

(a) they deal with reversed micelles, which have 
the detergent molecules with their polar head groups 
oriented to the inside where a sizable waterpool may 
be enclosed and 

(b) electron trunsfer is used to produce radical pairs. 

Recently we reported time-resolved measurements of 
the recombination kinetics of such ekctron-transfer 
derived radical pairs in reversed mice1ks~‘* Depending 
on the size of the mialka, recombination occurs at 
a rate of 5 x 106-2x lo5 9-l. By applying external 
magnetic fields this rate can be slowed down to almost 
one-third of its zero field value. Our previous results 
have provided strong evidence that in reversed 
mialks-and probably in normal mialles, too-the 
radical pair mechanism aa normally applied in homo- 
geneous solution (cf. e.g. Refs 23-27) is not sticient 
for a quantitative understanding. Due to the long cage 
lifetime, the role of spin relaxation becomes essential. 
Apparently this feature, which was first pointed out by 
Hayashi and Nagakura,” has not yet been generally 
recognized. 

In this paper we report further experimental result.9 
pertaining to the interesting question of intramiallar 
recombination of spinamlated radical pairs. We 
lirst give a kinetic documentation of the miallar cage 
effect as compared to homogeneous aqueous solution, 
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secondly we provide further evidence that in zero field 
spin rehuation is faster than the observed recom- 
bir&ion and hence not rate determining for this pro- 
cess, and thirdly we investigate the effect of heavy 
atom substituents on intramicellar radical pair pro- 
duction efficiency and recombination kinetics as well 
as their magnetic field dependence. 

RESULTS 

For preparing reversed micellar solutions of thio- 
nine we used cetyldimethylbenzylammonium chloride 
(CDti) in be&ene with a suitable amount dwater 
(cf. Experimental). This reversed micellar system has 
been introduced by Hauser and co-workers.‘0 With 
the particular water concentration used in this work, 
the aggregation number of the micelles is about 150, 
corresponding to a concentration of micelles of 
2.7 ~‘10~’ mol I - ’ and about 2000 molecules of water 
solubilized in one micelle. The dye concentration was 
not higher than 5x 10e6 mol I-’ so that the mean 
occupation number of micelles by dye molecules was 
below 0.02. 

The absorption spectra of the thionine ground state 
(‘IN +), triplet (‘TH ‘) and reduced dye radical (?I-I’), 
produced when the triplet is quenched by aniline are 
shown in Fig. 1. They are rather similar to the cor- 
responding spectra obtained in homogeneous solvents 
as methanol or water. *.” The long wavelength 
maximum of the triplet absorption is shifted to the 
red by about 15 nm as compared to the solvents men- 
tioned above. The absorption band of the radicals 
centred at 420 nm is mainly due to the semithionine 
(‘TH’). Aniline radical cation absorption” in this 
wavelength region probably does not contribute more 
than 15%. 

Kinetic evidence of the cage efect in reversed micelles 
In order to assess the speciiic effect of micellar solu- 

bilization of the dye on the transient kinetics, we per- 
formed parallel experiments comparing thionine trip 
let quenching by aniline in homogeneous aqueous and 
in reversed micellar solution. The transient signals 
were recorded at w chameteristic wavelengths 
(inditited by the arrows in Fig. 1) namely 780 (obser- 
vation of the triplet), 600 (observation of thionine 
ground state bleaching and recovery) and 420 mn 
(simultaneous observation of triplet and dye radical). 
The results are presented in Fig. 2. 

The triplet decay curves at 780 nm show that the 

25 

1 

- TH* (r=&,,,x2,4) 
.-3TH’ 
--zrt+ 

triplet is dynamically quenched in both sotvents. 
The quenching constants evaluated from these 
measurements are 7 x lo9 I mol-’ s-’ in aqueous 
and 1.4 x lo9 1 mol- ’ s- ’ in reversed micellar solution, 
showing that quenching is somewhat slower in the 
micellar system. 

Unlike the observations at 780 MI, the transient 
kinetics at 600 nm, where the transient bleaching of 
the solution is observed, is rather different in homo- 
geneous and reversed micellar solution. On tbe water 
side we see that an absorbance recovery goes along 
-with the triplet quenching. After triplet decay is com- 
plete, about 25% of the initial .itbsorbance has been 
recovered. The time constant of recovery for the 
bleaching, remaining after 2000 ns, is in the order of 
milliseconds. The fast absorbance recovery, exactly 
paralleling triplet decay, may be attributed to the for- 
mation of semithionine radicals by electron transfer 
from aniline to the thionine triplet. The increase of 
absorption during the triplet decay is mainly due to 
the appearance of semithionine and aniline cation 
radical absorption and, to a lesser degree, to the thio- 
nine ground state repopulation. 

In micellar solution the absorbance recovery at 
600 nm follows the triplet decay kinetics only at low 
quencher concentrations. It approaches, however, con- 
stant decay kinetics with a time constant of about 200 11s. 
which is observed even when the triplet lifetime is 
already below 10 ns. This means that with high quencher 
concentrations the time-resolved absorbance recovery 
cannot be due to the growing-in of the radical absorp 
tion, which should occur at the same rate constant as 
the triplet decay. A reasonable explanation, however, 
of the limiting rate constant of absorption recovery at 
high quencher concentrations is to assign it to fast 
radical recombination, leading to ground state 
repopulation. The slow part of the absorbance recov- 
ery (also in the order of milliseconds) should then 
correspond to radicals which may have escaped the 
micellar cage and are only intercepted by homo- 
geneous second-order recombination. It should be 
noted that with quencher concentrations higher than 
5 x lo-’ mol I-’ fluorescence quenching is not neg- 
ligible. Thus the amount of initially formed radicals 
decreases as the quencher concentration is increased. 

The observations at 425 nm corroborate the 
interpretation given for the 600 nm kinetics. Since 
triplet absorption and radical absorption are approx- 
imatly equal at this wavlength, there is no elect of 
the quencher to be seen in aqueous solutions, since 
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Fig. 2. Tnmsien tkin&softhionirreintbcprrsawxdvarioua ccJ0culhatiosofaniliDcillwata(kft- 
hnedridc.c,,=0,10~‘,5x10~‘MdIO~‘molI~’)aodinrmnad~~0~(~t-~Sidt, 
c,=0,10~‘.5x10~‘.2x10~‘pnd10~‘m0t1~’).Th~~ofthioaincis5x10-‘mdI~‘~ 
bochcases.Intach~tbeordaofthc~fromtoptobottomst880m~ytimt~mspoadc 

toimXdng ooacatrption of the queacha. 

omatknJoftbc~ttotberadiallisnot s asanabaorbanczchaqgeatthiawadeqjth. 
However, at 425 nm in mice&u solution the absorb- 
anadecay8atan iacrcruiag fate with inawing 
quarcber c0ncntration, but iinally Ir!dX% a linlitixlg 
valrrannspondingti*tilDecronstpntofabout 
2OOusaircadyobawd’a600nm.Tbcfluorescence 
queachisg~ap~~lpdicolyic&iisdao 
dekct8~intiu~o&soft8e~. 
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Fig. 3. Reaction scheme for thioninc tripkt (“III+) and 
aniline (All) in revcrncd miccUar solution. The cifck3 i&rate 
the waterpools of t& reversed miczlks. The symbol l 3 
denotes that the radical pair is created with paraM spins. 

Microxrxud t*rrsoM experimmts an the yield of 
/we twakds 

inordertode~theyi&lof&uenuIic&in 
nMie0 to .&e anMnmt of trip&s, GtiaUy prodUux& 
thegroundaIate&adlin8killcWwasobservadst 
6Q@lrm,ul@quefl&xcoMentlMionssuchthattl.K 
tfi+tWtimewasrcdUxdtoabout5@LtSllcethe 
~tripk$lifetimeisaixW15Ojis&euipkt 
dEayisaUlazbnostduetobimok&Sque&@.on 
the0thWha&inthesi@obsuxodtkeam~ 
(~bleadGagattheendofthe0.8~kaer 
p&eu#8fortheacexpe~)corceapomistoa 
sitlMioawinYremoatofI$tt@eti8stiuunqWul&ed. 
Fmsn thts-atioofbkachingmaaimum to the RXJSGI- 
iIl8&ShiEgafteTUXIlpktetIipkJtaaCayWC!&Ve 
evahuxted appfoximate vahua for the yield of free 
radicals in the triplet quencbiry. V& results obt&ed 
intGswnywithas&eaof~8&ines 
irnoalkctediTabk~.Alsogiveaaretbetri@t 
q_um~tcc-ts found with r&eae donora in 

comparing the resuhs with those in homogeneous 
m&ban& solution we tind that quenching by aniline 
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andtbc3-Pad4-suMtutodha&gtaaniiiwsisshCW 
2.St&s~immi&arsolutiondaanin~. 
Ho-, 2-subatit~tion leads to an &fold xedwt& 
in the rate CoWant af quenching. StSlic disruw&es 
mi&tbemoreimpoltaEtinthemitxobttefo8cWous 
eWiroJlment than in hano8uneous solution. 

Theheavyatome&ctosthefreeradkalyield&icb 
is documented by the data from homogctneuus s&cat 
doosalsoshowUpinthertverWXlmiQdhX+KMioIl 
eap&axnts.Ajmrtfrsinthee&etthattheabao&e 
Yeluesared&cantlysrIUlkrinmicellesthanin 
als s0Mions their relative values as-e so( 
mueba&tedbytbechangeofthemedium.&io,the 
position dependence is borne out by the bromoaniliac 
data. 

As we have previously shown with an&e, .the Eret 
radicalyieldin~ersedmkal&rsystamscanbe 
stro+y enhanaxi by applying an ex4erIuSl mageetic 
~~tbe~warkthefrceradi&yicldhas 

Uermmedasafunctionofthem8gQetic 
6cid fer some aftbe substituted anihoea listed in Table 
1.Figure4showsthereauItsofthesemeasummeitts, 
w&h have beu~ .obtained by sampling the 8ro~& 
atateM8a&ingat2O~deIaytimewitbaspecial 
miclopmczssoruMfolkd technique (cf. Esper- 
imental and Ref. 15). The figure documents, that i 
the system with aniline as quencher the free radical 

Table I. Thioninc triplet quenching by an&m : quem%ing rate colwtants (kJ, 
f= M ykkls (a+,) and magodtic fkld efkcta (R) oo U+, 

Adbt 3.4 1.00 *o 1.4 0.29 +!90 
4-fJ 2.6 0.97 i0 1.4 0.27 +ar 

z ;:II ::: *0 f6 OA 0.1 0.13 0.21 +20 +w 
4-Dr 2.8 0.51 -2 .1.5. 0.10 
e- 

i* 
3.7 0.13 -22 .I.5 8.06 -*IO 
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Table 2. Magnetic field dependent intramicellar radical pair mmbination : rate constants of escape (k_J 
and recombination (k,,J 

k,* k,'(B=OT') k,“(B=ll-) f B,,,‘(exp) &,,‘WF) 

Aniline 1.7 3.0 0.94 14 3.0 
N,N-Dimethyl 1.4 2.4 0.80 

::; 
17 5.2 

El 1.7 1.9 :3 0.96 1.58 2.5 1.9 E 4.0 3.0 
3-Br 2.9 3.1 2.1 1.5 10 3.0 
4-Br 2.9 3.4 3.4 1.0 

‘IO’s-‘. 
*Magnetic field independent. 
‘/= k,(B = 0 ‘Q/k,@ = 1 T). 
‘In mT, hxtetpolatad field v&e giving average of k&B = 0 T) and k,(B = 1 T). 
‘In mT, c&dated acootding to Eq. (5). 

yield is most strongly sensitive to a magnetic field. The 
size of the magnetic field effect d&Xea!Bintheseriea4- 
chloro-, 3-bromo-, Zbraitnoaniline and is completely 
absent for 4-bromoamline (not included in Fig. 4). 
For 4-iodoaniline the sign of the effect has been 
inverted, now corresponding to a decrease of the rad- 
iadyieidbyamagne&6eki.Themisalsoasigui6cant 
change of the half-field value which accompanies the 
sign inversion. For the systems where the magnetic 
field effect on the radical yield shows a positive sign, 
the half-field values are in the order of 20-30 mT 
whereas for the 4-iodoaniline system it is in the order 
of 3m mT. 

The R vahcs for the magnetic field effects (R being 
defined as the relative change of the radical yieid com- 
pared with the zero field radical yield) obtained at the 
highest fietd strength applied (1.8 mT) are also listed 
in Table 1. Whereas in homogeneous solution only 
the negative type of magnetic field effect is observed, 
requiring donors which exhibit a strong heavy atom 
e&et on the absolute yield of free radicals, the positive 
type of magnetic field effect, particularly exemplified 
by the aniline c8se, is characteristic of the reversed 
miceilar system. This magnetic field effect is quenched 
if halogen substi~n~ are inbox and it should 
be noted that the efficiency in quenching the magnetic 
field effect parallels the heavy atom effect on the free 
radical yield at zero field. The inverted magnetic field 
effect found for the Ciodoaniline quencher case in 
reversed micellar solution (cf. Table I) corresponds 
to the effect observed in methanol. However, it is 
somewhat smaller than in homogeneous solution. 

~~sec~~ laser $a.& experiments. The intra- 
micelIar recombination kinetics and its magnetic field 
dependence have been measumd for a series of aniline 
derivatives. The observed decay curves at several 
values of the magnetic field are displayed in Fig. 5. The 

t In the Tektmnix 7912 AD digitinx, AD amwsxion is not 
directly performed from the input signal but from a charge 
w produad by sweeping an electron beam over a multi- 
diode target. For optimum resolution of the charge trace the 
electroa beam intensity has to be adjusted depending on 
horizontal and vertical sweep rate. In the signals displayed 
in Fig. 5 the electron beam intensity was adjusted to give 
optimal performance in tile time region of radical decay, 
where the magnetic field e&t appears. So it wae somewhat 
too weak to yield proper digitization in the first SO ns atIer 
the laser pulse where ho&zontal mui verticai sweep rute are 
high in the case of rapid triplet-ground state conversion. 

quencher concentrations applied in each case were 
chosen so as to bring the effective triplet lifetime into 
the order of the laser pulse width (15GB ns), using 
donor conantrations of 0.05 M (aniliue, 4-&ton)-, 4- 
bromo-, Qiodoaniline) or 0.5 M (N,Ndimethyl- 
aniline, Ibromoaniline). 

Due to the short triplet lifetime the signal ampli- 
tudes at 600 mn, where ground state bleaching is 
monitored, are an approval measure of the total 
amount of dye semiquinone radicals produced from 
the triplets. Since the laser-pulse energy was approxi- 
mately Constant throughout the series the sigual 
amplitudes in Fig. 5 should quaiitatively reflect the 
yield of geminate radicals produced in the triplet 
quenching. In going through the series from aniie 
to Cbromoanihne we note that, while the geminate 
radical yield is highest for aniline, N,N~~yl- 
aniline and 4-ff uoroaniline, there is a marked decmase 
in the series 4cMoroaniline, 3-bromoaniline and 6 
bromoaniline. We note that, qualitatively, the yield of 
geminate radical pairs to be observed shortly after 
the laser pulse follows the yield of free radicals listed 
inTable1.ThistmndhasalsobeenverifMfor4- 
iodoanihne, however, in this case the signal is already 
too small to be measured with sufFicient accuracy in 
the nanosecond apparatus. 

Comparing the kinetics of intramicellar radical pair 
recombination at zero field (lowest signal trace in each 
diagram) we 6nd that there is practically no difference 
between aniline, N,Ndimethylaniline and Cfluoro- 
aniline. When analyzing the decay kinetics in terms 
of the scheme given in Fig. 3, rate constants’of escape 
and intramicellar recombination can be obtained by 
a numerical fit according to 

CTH(0 = CrH.(O)[L/(L+~roc)l 

xtt+(k,/k,)exp{-(k,+k,,)rjl. (1) 

The decay of the free radicals is not considered on 
the time scale of interest. Hence monoexponential 
decay kinetics are expected. In fact, for aniline, N,N- 
~methyla~~e and ~guoro~~ne such a mono- 
exponential decay fits the observed signals very well. 
The results are given in Table 2. However, when going 
to the heavier halogen substituents an initial fast decay 
component becomes more and more apparent. 

At present we suppose that this fast component is 
due to ground state repopulation from the triplet, 
which may appear somewhat longer than it really is, 
due to the performana ehamcteristics of the transient 
digitixer.t This fast kinetics is hidden if the conversion 
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Fig. 5. Tie dcpcndu~~ of absorption rcawcty obscrvcd at 600 MI under conditions of fast &plct 
quenching (cf. text) with various ckctron donors. The kinetic curves shown have been obtained with 
magnetic fields indicated in the aniline diagram. In each diagram the signal order from bottom to top 

corresponds to increasing magnetic field. 

efi&ncy of tripkts to radkals is high, since this does The next point. of interest is the influence of the 
not go along with a marked absorption recovery, but magnetic tkld. There is a strong mtardation of intra- 
if the geminate radical yield iu the triplet quenching by miallar radical pair ~mbination due to a magnetic 
heavy atom substituted donors gets lower, the triplet field (cf. .Table 2). which goes along with a con- 
decay is accompanied by a larger absorbance change comitaM- of the yiekl of fra mdicals. For 
duetodhctgroundstaterepopulationinthetri@t anihe, N,N&nethylaniGe and 4-flwroaniline the 
qualchhg cad then the fast triplet decay k&tic4 magaeth Geld effect appeats to be ratlux similar. In 
becomer mart apparent. The results given in Tabk 2 Fig, 6(a) we plotted the magxhc h&I &pemhce of 
have been euhated from the slower decay cunpon- the radhl escape e6ciency for the tbxe donors In 
cut. They would imply that the eEect.ive intramhhr fact, hlhe and N,N-dimethylaniIhabow ahuost 
radical prirmcombhation rate constant is very sin& idanthl.behaviour with an ind;rrtian of saturation 
lar for ail doaom investigated. approseh at 1 T. Comjmred with tLtre latter hors 
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Fig. 6. Escape cf6ckcy qr determined from the nanosecond absorption ruxwcry signals at 600 nm (cf. 
Fig. 5) as the ratio of AOD at 2 pa to AOD in the maximum of the signal. (a) Comparison of the magnetic 
field dependence. of q_ tot aniline, N,N+limehylaniline and CBooroaniline. (b) Compahon of the rtrica 

aniline. kbloro-, 3-brome and 4-bromoaniline. 

44uoroaniline shows a less regular magnetic field 
dependence with a much slower (approximately log- 
arithmic) saturation behaviour (note that the mag- 
netic field is scaled logarithmically in Fig. 6). In the 
series aniline, 4-chloro-, 3-bromo- and 4-bromo- 
aniline the extent of the magnetic field effect is 
more and more reduced (cf. Fig. 6(b)). It should be 
noted, that heavy atom attenuation of the magnetic 
field effect is practically the same when monitoring 
the escape effkieftcy, nor&i&d to the amount of 
geminate radical pairs produced, as when monitoring 
the free radical yield, normalized to the amount of 
triplets from which the radicals are produced (Fig. 4). 
As is shown in Fig. 6(b) the halogen substituents do 
not noticeably influence the saturation behaviour and 
the half-field value. 

DISCLJSSION 

Radical pair spin evolution and intramiceliar recom- 
bination kinetics 

Since the radical pairs are produced by electron 
transfer from a closed-shell donor to a triplet-excited 
acceptor they will originate with a triplet spin align 
ment. Immediate reverse ekctron transfer to form 
the energetically lower m ground state donor- 
acceptor pair is not possible because the tlnal state is 
of singlet multiplicity. The detailed kinetic scheme to 
be considered for intramiceUar radical pair recom- 
bination is depicted in Fig. 7. In xero magnetic field 
the radical pair may. exist in four nearly degenerate 
spin states (one triplet and one singlet). By an external 
magnetic field the degeneracy of the triplet kvels is 

lifted due to the Zeeman interaction. Only the singlet 
radical pair can undergo reverse electron transfer to 
yield the singlet ground state of the umeacted pair 
(UP). The spin substates of the radical pair can be 
converted into each other by several mechanisms to 
be discus& in more detail below. 

Of course, the exact recombination kinetics of the 
radical pair derived from such a four-state scheme will 
in general not be a simple monoexponential decay. 
We will, however, not proceed with a quantitative 
analysis here (the kinetic scheme has been investigated 
in some detail by Hayashi and Nagakura”) but rather 
will qualitatively discuss some limiting cases providing 
most of the physical insight. Depending on the rate- 
determining step, the effective rate constant of recom- 
bination (R,_J will be approximated either by Rrs or 
by 114 k,,, 

k rot x Min (k,, k,,/4). (2) 

In zero field the triplet substates can be treated as 
kinetically equivalent. The effective rate constant of 
their transition to the sir&t substate (k75) is made 
up of two contributions 

k,y = ktHr+krol. 

(1) Isotropic hypertine coupling is generally con- 
sideted aa the most important in the radical pair mech- 
anism and is responsible for CIDNP. This interaction 
comes in as a time-independent contribution to the 
spin Hamiltonian and mixes triplet and singlet sub- 
states. Actually, this type of interaction produces 
coherent, reversible triplet-singkt transitions (cf. e.g. 
Ref. 260) but, still, a characteristic time constant can 



be attribukd to the resulting spin motion, the inverse 
of which may tu used as an approximate first-order 
rate amstant &r. 

(2) Besides the isotropic hypet%e coupling which 
is time-independent, there are several magnetic inter- 
actions, fluctuating in time (e.g. anisotropic hype&c 
coupling and various spin-otSt coupling effects), 
which cauaa reIaxation among the spin substates.’ 
Their contribution to the triplet-singkt intersystem 
crossing is collected in tbe rate constant kd. 

We have estimated the contribution klHp for the 
radical pairs investigated in this paper using the 
semiclassical method of Schuhen and co-workers. Iked 
TheresuItisintheorderof2xlO’s-‘whichgivesus 
the information that km Z 2x IO’ s-‘. This value 
is much faster than the effective recombination rate 
constant (3 x lo6 s-l), found experimentally in zero 
field. Therefore we conclude that the spin evolution 
of the triplet-born radical pair is not rate determining 
for the recombination process, i.e. we deal with that 
limiting kinetic case, where the effective first-order 
recombination rate wnstant is given by the equi- 
Iibrium singkt probability (l/4) times the specZc rate 
constant k, of reverse electron transfer in a singlet 
radical pair. As we have previously shown,” this rate 
constant depends on the size of the waterpool of the 
micelle and is largely determined by the rate constant 
of diffusional encounters within the waterpool 
volume. 

The interpretation given for the zero-field kinetics 
is corroborated by the magnetic fiekl effects observed. 
Leaving aaide for the mom&t the Ciodoaniline case, 
it is foundthat the yield of free radicals mueases with 
a magnetic 6eId. It tucomes clear from the diagrams 
in Fig. 5 that the magnetic field doea not affect the 
primary yield of geminate radical pairs but develops 
during the time period of intramicellar recombination. 
The kinetic analysis according to Rq. (1) shows that 
k, is slowed dawn by a magnetic field and, since k, 
is - mignetic field-independent, the efIIciency 

of escape, q_ given by Eq. (4), increases 

qoT = L/L +k,). (4) 

The efTect of the magne& field on the reaction 
kinetics may be understood in terms of Fig 7. Due to 
the increasing Zeeman splitting of two of the triRIet 
sublevels their kinetic behaviour wig change. Here the 
partitioning (cf. Eq. (3)) of the rate constant km is of 
particular impor&ncc because klHp and kti respond 
with quite different sensitivity to the increase of the 
Zeeman splitting. go far, most investigaton of the 
radical pair mechanism have mainly amcentrated on 
the magnetic field effect on the isotropic hypertint 
contribution &up). It has been established by many 
theoretical and experimental investigations (cf. Ref. 
3). that lklHP is rapidly going to zero when the Zeunan 
splitting exceeds a radical pair-specitic average value 
of the isotropic hypertine coupling energy. A charac- 
teristic half-field value for this effect has been given 
by Weller et al.” 

B,,,(IHF) = 2@:+B:)I(B, +B2) (54 

where the contributions B, and B2 of the individual 
radicals are obtained by summing over the coupling 
nuclei in each radical separately 

B l(2) = ~W,+ w:. WI 

The B,,p-vahes obtained from Eq. (5a) for the radical 
pairs of thionine with various anilines are listed in 
Table 2. 

Comparing these theoretical values with the exper- 
imental f?,,2-valuu it becomes &, that quenching 
of the isotropic-hyperfme-couphng part of kTS can 
wntribuk only little to the magnatic field effect 
observed in this work. 

Referring again to Fig. 7 we can derive that the 
overall rate wnstant of recombination will be only 
sensitive to changes in krs if the T+ S process 
becomes rate determining for recombination, more 
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specifically, if it approaches a value given by 

kT@,,*) = L. (6) 

From the large B,,,-values observed, it has to be 
concluded that even after the contribution of klHF to 
kT,s or kTrTP has been magnetically quenched (note 
that kToS is etther independent of a magnetic field or 
will even increase in case the radicals diBer in their g- 
values), kT s and kTeT, are larger than the rate con- 
stant k,, ok spin-allowed reverse electron transfer in 
singlet radical pairs, i.e. 

k,D,,JHF)) > L. (7) 

Spin relaxation processes (k& are less sensitive to 
a magnetic field (cf. Refs 28 and 29) than the coherent 
spin evolution caused by the isotropic hyperiine 
coupling and therefore higher fields are necessary 
to achieve the condition 

MB& = k,,. (8) 

Hayashi and Nagakura” were the first to point out 
the role of spin relaxation for a quantitative under- 
standing of the magnetic field effects observed on 
intramicellar recombination I5netics.t We hope that 
our contribution may help to elucidate the relation 
between the “normal” radical pair mechanism (where 
spin motion depends only on isotropic hyperfine 
coupling) and the “supercage” radical pair mech- 
anism characteristic of the long cage times in micelles. 

In order to explain the heavy atom substituent effect 
on the magnetic field dependent radical pair recom- 
bination, the rate constant kA should be resolved into 
different contributions 

MB) = krc,.AHc (g)+L,.so(g)+K,,zo. (9) 

Electron spin relaxation is brought about by aniso- 
tropic interactions, randomly modulated by the 
rotational tumbling of the molecule and tluctuations 
in its environment.33 These include anisotropic hyper- 
hne coupling (k+ac(g)), anisotropy of the g-factor 
(k,,,&l)) and spm-rotational coupling (k&,), the 
latter two being related to spin-orbit coupling 
effects.‘6 Whereas, however, the former two relax- 
ation mechanisms arc sensitive to a magnetic field the 
last one is not. Thus, by increasing the spin-orbit 
coupling by means of the heavy atom effect, k:,,,so is 
increased which cannot be quenched by a magnetic 
field and therefore represents a lower bound of krcl 
even at high fields. Since the rate constant k, cannot 
be reduced to a value smaller than k,,(B) (if this is 
smaller than k,(B = 0)) this magnetic field inde- 
pendent heavy atom contribution to k,,, can acount 
for the decreasing magnetic field effect on k, when 
heavy atoms are introduced. 

The contribution of spin-rotational coupling to 
k’&Kl of the radical pair can bt estimated on the 
assumption that it is determined by the inverse of the 
longitudinal relaxation time T, of that radical moiety 
which is subject to the increased spin-orbit coupling 
by heavy atom substituents. In fact, each a-8 spin flip 
of such a radical w-ill bring the radical pair from T, 
or T_ to TO or S (T, and S will not have to be 

tINmates of the contribution of spin rclaxition to the 
decay of spin corrdation in geminate radical pair3 have been 
first given by B. Brocklehurst.” 

distinguished because To is in rapid spin equilibrium 
with Seven at high magnetic fields). Atkins and Kivel- 
sonI have derived the following expression for spin- 
rotational relaxation 

T;’ = T;’ = (12x+‘@g;+ZAg:)kT/t~. (10) 

Here r is the effective hydrodynamic radius of the 
radical and 1 the viscosity of its environment. The 
anisotropic components of theg-tensor are not exactly 
known for the halogenaniline cation radicals. How- 
ever, a reasonable estimation of these can be made 
on the basis of the corresponding data for some 
S-halouracil radicals” taking into account the differ- 
ent spin densities in our cases. Assuming a value of 
3 A for the hydrodynamic radius of the radicals 
and a viscosity of 1 cP, as would correspond to 
pure bulk water, the following values are obtained 
for T;‘: 4-chloroaniline, 2 x IO5 s- ’ ; 3-bromo- 
aniline, 7 x 10’ s- ’ ; Cbromoaniline. 3 x lo6 s- ’ ; and 
Ciodoaniline, I x 10’ s- ‘. These rate constants mark 
the lower limits to which kr s and hence k&T,) may 
be decreaud by a magnet& field. The occumnce of 
sizeable magnetic tield effects on k, rcquim that k, 
drops much lower than k,(B = 0) (cf. Eq. 8). Bearing 
in mind that k,(B = 0) is about 3 x IO6 s-’ it is seen 
that for Cchloro- and 3-bromoaniline kti can still 
be made much smaller, though it is approaching this 
limit. However, for 4bromoaniline it is equal and for 
4-iodoaniline it is higher, so that the magnetic field 
effect on k,, is completely quenched. ‘It should be 
emphasized that the heavy atom has no significant 
influence on k, at zero field which corroborates tbe 
interpretation that in zero field kTS is not rate deter- 
mining for recombination. 

Results pertaining to the heavy atom effect on intra- 
micellar radical pair recombination have also been 
reported by Turro er al. ” who investigated magnetic 
Md effects on the cage reaction of photolyzed p 
monosubstituted dibenzylketones. Comparing, for 
example, their data for the CH,-, Cl- and Br-sub- 
stituted derivatives with our present results, similar 
features arc borne out: no heavy atom influence on 
the cage effect in zero field but a decrease of the mag- 
netic field sensitivity of the cage effect with increasing 
spin-orbit coupling of the substituent. With the Cl- 
substituent an additional magnetic 6eld effect at very 
high field strength comes into play in Turro’s case, 
which is attributed to the Ag-mechanism, providing 
magnetic field enhanced T,, + S intersystem crossing 
in the radical pair. We do not expect similar &-effects 
in our systems since even at zero field k, s is much 
faster than k,, and hence increasing of kk,, by the &- 
effect should not affect the rate constant of recom- 
bination. 

Factorization of the free radical yield 
The free radical yield @‘, obtained when quenching 

excited triplets in reversed micelles by electron transfer 
from electron donors, may be written as the product 
of the primary yield O,, of geminate radical pairs and 
the efficiency qao at which escape of one of the radicals 
from the micelk can compete with intramicellar 
recombination 

@r, = ~,L. (11) 

In the Iast section we discussed, how the second 
factor on the right-hand side of Eq. (I 1) is modified by 
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a revemedmiceUar cage, magnetic MCJS and heavy 
atom substituents. Here we note tllat the first Factor, 
@ -is a&~ imxmitie to the nudear charge of the d&or 
s&tituent. This effect in the mmlar soltltion has 
been shown to comspoad to the e&t which has been 
previousIy observed m homogeneous solution” as a 
marked, position d-t heavy atom etTect on the 
free radical yield. It has been exphtined semiquan- 
titatively by the @in-orbit ooupling contribution of 
the heavy atom substituotts on the intersystem cross- 
ing rate constant ora triplet ax&ipkx asmmed as the 
primary product of &ctron trarrstbr quenching. Thus, 
for a m&Alar solvent, too, such triplet exciplexes seem 
to be important intermediates. In homogeneous sol- 
utions there has been a magnetic field dependent 
decrease of the free radical yield according to the 
triplet mechanism which was especially marked for 
the case of the 4-iodoanilino quencher. This type of 
magnetic field effect is also observed in mice&u 
solution. Its half-field value of about 300-400 mT and 
the negative sign of the effect are characteristic of the 
triplet mechanism. 

CONCLUSION 

Whereas the yield of escape from triplet originating 
radical pairs is about 1 if the electron donor-acceptor 
systems considered in this work are investigated in 
homogeneous, low viscous solution, it is significantly 
reduced in inverted micellar soiutions due to the 
“supercage effect”? exhibited by the detergent layer 
confining the microscopic waterpools wherein the rad- 
icals are free to diffuse. In xero magnetic field the 
escape efficiency determined by the competition of 
escape and recombination (cf. Eq. 4), is little depen- 
dent on heavy atom substituenb of variations of 
hyperhne coupling. This has been explained by the 
fact, that in zero field the triplet+i@et equilibration 
of the triplet-borne radical pair is faster than the spin- 
allowed intramicellar radical pair recombination rate 
and hence not rate determining for recombination. 

When applying an external magnetic field, tripkt- 
singlet transitions from T, become slower and more 
and more rate determining for recombination which 
is thus slowed down. However, the characteristic half- 
field values observed are significantly higher than the 
field strength expected to suppress coherent triplet- 
singlet transitions induced by isotropic hyper6ne 
coupling. This means that in weak gelds of the order 
of the isotropic hypertine coupling, incoherent spin- 
relaxation processes are still fast enough to achieve 
near spin equilibrium during the time intervals 
between successive radical pair reencounters in the 
micelle. The half-field values of 20-30 mT observed 
should be considered necessary for quenching T,-S 
or T,-To relaxation processes. Introduction of heavy 
atom substituents enhances the contribution of a mag- 
netic field independent relaxation mechanism (spin- 
rotational relaxation). This explains why the magnetic 
field sensitivity of recombination and hence of the 
yield of escape is reduced by the introduction of heavy 
atoms. 

t The temt “supercagc” for the mialfar cage has been 
coined by Turro (cf. Ref. 17). 

Marerids. Thionbe (Mark) was puiflai aox- to 
Ref. 39. Aniline (Baker), 4-Ihtoroanihne,(Herckrck), Zbromo 
anihne (Merck), and N,NdimethylaniIme (Fe&) were 
distilled under vacuum and stored under N, or argon. 4- 
Bromoaniline (Merck) and 44odoaniL (Fluka) were retry- 
stall&d two times from petroleum ether (bp. 35-8tY). 4- 
cllloroanilitle (Fluka, puribs. > 99%) was uncd without fur- 
ther purSaUion. 

Benxyldimethylhexadeeylammonium chloride (atyl- 
dimethylbeaxy&immonium cblotide (CDBA)) was obtained 
from Fluka and was pnriiial several times by fractionated 
recrystallization from acetic acid ethyl cater. A treatment 
with active carbon was applied before the 8rst recry- 
.9bIIi?Ati0a. 

S01ventJ used were benzene (Fluke purim. p.a.) and water, 
deionized and doubly distilled in a quartz apparatus. In the 
micellar solutions the molar ratio of waterto CDBA was 15. 
The total dye conantration was 5 x IO-’ mol I-‘. Before 
laser-gash investigations the solutions were Bushed with Nr 
(0, content leas than 5 ppm) for 45 min in order to remove 
02. 

To obtain reproducible results it was essential to obey the 
following procedure for pmpating the micelIar soln. 

Fit CDBA was rapidly dissolved in benzene at 40”, then 
the proper amount of water and the aqueous stock solution 
of thionine was added. Although solubilixation of the aque- 
ous components seemed to be complete in a few minutes the 
soln was stirrod for .severaI hours at room temp. The donors 
were added in the appropriate dose of neat samples only 
shortly befon the measurementa. Precipitation of the deter- 
gent, eventually caused by too high local concentrations of 
the donors was avoided by stirring of the soln when adding 
the donors. 

tier-&h equipment. Experiments with microsecond time 
resolution were performed using a IIaah lamp pumped dye 
laser and a microprocessor-controlled kinetic Bash spec- 
trometer, which has been described elsewhere. I3 

The nanosecond time resolved experiments were carried 
out on a laser-fiash spectrometer, schematically shown in 
Fig. 8. For laser excitation an excimer laser-pumped dye 
laser(usingRhodamin6Gaslaserdye)ofabout 15nspulse 
width was used. The energy of the dye laser pulses was 2-3 
m.I. The probe light beam (from a pulsed xenon arc lamp) 
and the exciting laser beam crossed in the cuvette at a small 
angle. A flow system, controlled by a magnetic valve, was 
used to replace reacted soln between any two exciting pulses. 
Normally 64 signals were stored and averaged on a transient 
digitizer (Tektronix 7912 AD). The synchronization and 
timing of the probe light pulse, trigger of transient digitizer 
and laser, shutter action and solution Bow was achieved 
by a homemade electronic control circuit. The laser-fiash 
spectrometer is described in detail in Ref. 40. 

pulsed 
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Fig. 8. !Ichematics of the nanosecond-laser-Ilash spectro- 
meter. 
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